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1. INTRODUCTION 
1.1 General 
A peripheral nerve is a composite of tissues consisting of glial cells, 
blood vessels, endoneurium, perineurium, epineurium, and axons. After injury 
or severance of a nerve, all of these components undergo profound 
morphological alterations. The sequences of changes of the axons during 
regeneration may decide the functional recovery of the nerve. When the nerve 
is injured either by severance of the whole trunk or by blunt crushing, the axons 
in the distal segment which are separated from the cell body of the nerve die. 
The myelin sheaths and these distal axon fragments are phagocytosed by 
Schwann cells and macrophages. Proliferating Schwann cells assist 
regenerating axons in reaching their target organs. To date, a number of 
techniques have been developed for the purpose of guiding the regenerating 
axons along an appropriate pathway to their target and for the purpose of 
providing a precise re-establishment of the original anatomical connections of 
the axons. These techniques include end-to-end suturing, fascicular suturing, 
nerve grafts, and nerve bridges. The choice of technique depends upon the 
clinical situation and the surgeon's preference. 
1.2 Statement of the problem 
The end-to-end and the fascicular suture repair techniques are suitable 
for a nerve defect or injury which does not extend for more than several 
millimeters. However, both of the techniques have their own disadvantages. In 
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the end-to-end suturing technique, even though the outermost (epineurial) layer 
of the dissected nerve ends are sutured together, poor alignment of fascicles 
and ingrowth of scar tissue will result in unsatisfactory nerve function recovery 
(Marshall et al., 1989). In the fascicular suturing technique, a more precise 
alignment of fascicles is expected: however, the increased trauma to the 
perineurial and the intrafascicular tissue caused by the sutures will retard nerve 
regeneration. 
if the nerve Injury is extensive, fomning an irreducible gap between the 
proximal and distal stumps, then a nerve graft or a nerve bridge is preferred. It is 
difficult to acquire donor nerves for grafting. Thus, considerable research has 
been conducted on peripheral nerve repair using the nerve bridge technique 
(Rosen et al., 1983, 1989; Jenq and Coggeshall, 1984, 1985, 1986, 1987; 
Seckel et al., 1984; Satou et al., 1986; Le Beau et al., 1988; Gibson and 
Daniloff, 1989; Hoppen et al., 1990; Aldini et al., 1996; Lundborg and Kanje, 
1996). A nerve bridge technique is the introduction of the proximal and distal 
ends of a severed nerve into a tubular structure, which may or may not contain 
substances or other adjuncts for experimental purposes or to further promote 
healing. Except for the work of Daniel (1991), the research reported in the 
literature using the nerve bridge technique has emphasized the use of single-
lumen nerve guides of synthetic or biological origin which are biodurable or 
biodegradable in the body. The single-lumen guides offer the advantages of 
minimizing invasion and scarring of the nerve, aiding guidance of growing 
fibers along appropriate paths by mechanical orientation and confinement, and 
enhancing the precision of stump approximation. However, elongating axons 
are highly distorted in the single-lumen guides owing to the random growth of 
intra-neural connective tissue elements and extra-neural connective tissue. In 
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addition, biodegradable nerve cuffs with a luminal diameter of 0.5 mm or 
smaller have been found to be not suitable in bridging injured nerves. Since the 
nerve cuffs were bioerodible, unsatisfactory swelling and deformation of the 
lumen walls was seen after implantation (Henry et al., 1985). Therefore, the 
stability and dimensions of the nerve guide play a critical role in contributing to 
the success of the nerve regeneration. Finally, based on the statistical 
considerations, a large number of experimental animals are needed for studies 
using the single-lumen regeneration cuff model in order to get enough 
replications to avoid the occurrence of a large experimental error variance. This 
may cause budget and time constraints. Therefore, a nerve regeneration cuff 
model which can be employed to do multiple experiments simultaneously has 
advantages. 
Most of the successful studies with the nerve regeneration cuff model 
have used a nerve gap of 10 mm or less (Ohbayashi et al., 1996; Urabe et al., 
1996). However, the inherent regenerative capacity of the peripheral nervous 
system in animals is so efficient over shorter gaps that the benefits of different 
modifications of the growth environment inside the nerve guide may not be fully 
revealed. To demonstrate the efficacy of nerve guides in bridging damaged 
nerves, a nerve gap significantly longer than 10 mm is suggested. In order to 
regenerate nerves across a longer gap, many nerve growth-promoting 
substances have been developed and applied in nerve anastomosis studies. 
Nerve growth factor (NGF) was initially one of the most commonly seen 
biochemical adjuncts used in the nerve regeneration cuff to enhance eariy 
regeneration of myelinated axons (Rich et al., 1989). However, the axonal 
growth promoting capacity of NGF was not apparent in a ten weeks study 
(Hollowell et al., 1990). Findings at 4 weeks demonstrate beneficial effects; 
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however, these appear not to be sustained over a longer period of time (8 mm 
gap, silicone rubber tubing, 1.2 mm I.D.). By contrast, the combination of 
fibronectin (FB) and laminin (LMN), two major glycoproteins associated with 
basal laminae, were shown to promote axonal regeneration continuously 
(Woolley et a!., 1990; Bailey et al., 1993; Tong et al., 1994). The FB/LMN 
solution has been shown to enhance regeneration through a single-lumen 
silicone chamber nerve cuff across 18 mm gaps in rats (Woolley et al., 1990; 
Bailey et al., 1993). Similarly, a gel containing collagen was filled in silicone 
tubes to increase the maximum successful nerve gap distance bridged up to 20 
mm (Madison et al., 1988). It was also found that the collagen can provide 
maintance of a regenerating Schwann cell and fibroblast proliferation direction 
which results in effective peripheral nerve regeneration (Satou et al., 1986). 
1.3 Significance of the research 
To address the ability to perform multiple experiments at the same time 
and short gap length compared with relatively long gap experiments, a silicone 
rubber multiple-lumen nerve guide filled with collagen gels and gels containing 
collagen, laminin, and fibronectin is described in this research for establishing a 
nerve bridge across a 15-mm gap for rat sciatic nerves. The configuration of the 
multiple-lumen nerve regeneration cuff model may provide more support for the 
regenerating cells compared to a single-lumen cuff with a similar cuff cross-
sectional area. The multiple-lumen guide can also provide a preferred 
longitudinal orientation for the outgrowing connective tissues, the regenerating 
axons and the Schwann cells. In addition, the pattem of lumens filled with 
collagen gels and gels containing collagen, laminin, and fibronectin in the 
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multiple-lumen guide provides an opportunity to see whether multiple 
experiments can be done simultaneously by providing a different biochemical 
environment for each lumen of a cuff. Moreover, the multiple-lumen silicone 
rubber cuffs used in this study, with lumen diameters of 0.5 mm, can help 
establish the ability of nondegradable cuffs with small lumen sizes to be used in 
successful cable regeneration across relatively large gaps. Finally, the lumens 
filled with biochemical gels provide an opportunity to study the influence of 
extracellular proteins on the nerve regeneration process across long nerve 
gaps (15 mm in this case). 
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2. LITERATURE REVIEW 
2.1 Background 
2.1.1 The mammalian peripheral nervous system 
The basic functional unit of the nnammalian peripheral nen/e is the 
neuron. Each neuron consists of dendrites, a nen/e cell body, an axon, and a 
terminal sensory end organ or motor end plate. Epineurium is the dense 
connective tissue in the outer sheath of the peripheral nen/es. This fibrous 
coating loosely surrounds numerous nen/e fibers collected into several 
fascicles (bundles). Each fascicle within the epineurium is surrounded by fibers 
of the perineurium (fibrous partitions). The perineurium consists of an outer 
connective tissue layer and an inner layer of flattened epithelioid cells. Within 
the perineurium partitions, there are fibers of the endoneurium. These fibers 
surround Schwann cells which ensheath the axons. The endoneurium 
components include fibroblasts, an occasional macrophage, and collagenous 
and, mainly, reticular fibers. These three supportive sheaths (epineurium, 
perineurium, and endoneurium) are considered to be important for not only 
functioning peripheral nerves but also for diseased peripheral nerves (pp. 311-
312 in Daniel and Terzis, 1977; Martini, 1989). 
Schwann cells produce a complete neurilemma around each axon. In 
addition, Schwann cells also have a nutritive function, providing the axon with 
essential metabolites for its sustenance. The axon can be classified as 
myelinated or unmyelinated. When the axons are unmyelinated, a single 
Schwann cell may surround several different axons. For the myelinated axons, 
a single Schwann cell forms the myelin sheath around a portion of a single 
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axon. Infomnation is transmitted in the nervous system by signals that electrical 
currents generate across the membrane of both unmyelinated and myelinated 
axons. The region of the exposed axon at the junction between Schwann cells 
is called the node of Ranvier. These nodes are located at discrete intervals 
along the whole length of the myelinated axon. The nerve impulse can jump 
from one node of Ranvier to the next at a speed several times faster than by 
means of continuous conduction (pp. 302 in Daniel and Terzis, 1977; Martini, 
1989). 
2.1.2 Nerve degeneration 
After nerve damage or severance, nerve degeneration occurs 
immediately. Waller (1850) states that the portion of the nerve that has been 
severed and completely separated from the central trophic area degenerates. 
Regeneration begins from the undegenerated proximal stump. It remains 
connected to the trophic center. Many factors such as the site of the lesion, the 
age of the individual, the length of the nerve destroyed, the width of the 
severance gap, the alignment of the cut ends, and the amount of damage and 
hemorrhage in adjacent tissues affect the growth and development of the 
regenerating nerve (Swaim, 1987). 
Hemorrhage and projection of a clot from the cut nerve ends occur 
immediately after nerve severance. Within 1 hour, there is marked swelling 0.5 
to 1 cm on both sides of the point of transection as a result of the accumulation 
of blood serum, plasma, and acid mucopolysaccharides. 
Degeneration that occurs in the proximal nerve stump is not as extensive 
as that in the distal stump. It is called traumatic degeneration and does not 
extend beyond the second or third node of Ranvier from the injury site. 
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However, with extensive trauma, damaged axon, myelin and sheath connective 
tissue may extend several centimeters on both sides of the transection. Some 
neuron cell bodies may also be lost after nerve transection. The survival of the 
neurons is proportional to the distance from the cell body to where axonal 
severance occurs. The entire distal stump begins to degenerate when the 
axons and their myelin start degenerating. However, for about 2 weeks, the 
axons at the proximal end of the distal stump tend to enlarge and become 
isolated from the rest of the distal stump. The remaining portions of the distal 
axons degenerate more rapidly. Axon and myelin degeneration become 
evident along the distal stump at 48 hours after nen/e transection. The loss of 
the myelin layer around axons occurs with the degenerating myelin becoming 
homogeneous. The myelin becomes ovoid and elliptical in the region around 
axonal fragments. Neurofibrils in the axoplasm degenerate and disappear. The 
connective tissue framework of the distal nerve stump disappears, while the 
degenerative products of axons and myelin are removed by macrophages 
which come from intra- and extraneural sources. Schwann cells are also known 
to phagocytize axonal and myelin breakdown products. The process of debris 
removal begins 21 days after injury and lasts five weeks. During the five week 
period, the distal nerve stump becomes less swollen, and the phagocytic activity 
slowly subsides. Neurilemmal sheaths realign in an orderly fashion, and 
endoneurial sheaths shrink or disappear. If regenerating axons do not invade 
into the distal nerve stump, the distal stump becomes even more contracted and 
is replaced by connective tissue (Swaim, 1987). 
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2.1.3 Nerve regeneration 
Nerve regeneration begins within the cell bodies and is similar in both 
motor and sensory neurons. A considerable amount of energy is expended by 
the cell body for the regeneration process. For approximately 10 to 20 days, the 
cell body becomes progressively larger. The cell body will not return to normal 
size until the nerve matures. During active regeneration, both RNA and DNA 
synthesis activity increase within the neuron. In addition, increased metabolic 
activity results in increased enzymatic activity and incorporation of amino acids. 
The protein and organic material In the cell body increase by 50 to 100 times 
that of the nomnal soma. The alterations of the glial cells that surround the 
neuron also aid in supporting the increased metabolic activity in the neuronal 
soma (Swaim, 1987). 
The enlargement of the neuronal soma may peak early in the 
regeneration process and again as myoneural junctions are formed. The cell 
body may die if the injury is too close to it or, if it survives, the cell may not have 
enough metabolic capacity to support the axons that must be regenerated. Then 
axonal regeneration will not happen (Swaim, 1987). 
New protoplasm synthesized by the ceil body migrates by axonplasmic 
flow from the neuronal soma down the axon. The axoplasmic flow has a slow 
and a fast component. The slow component (1 mm/day) involves 
microperistalsis within the nerve trunk membrane; the fast component (100 
mm/day) involves the microtubules. During the passage down the axon, some 
of the slowly transported proteins are used to replace catabolized enzymes in 
the membrane. Nevertheless, most of the proteins still reach the temninal 
segments of the axon (Swaim, 1987). 
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The changes that occur at and between the proximal and distal nen/e 
stumps strongly influence regeneration of a severed nerve. Proliferation of 
epineurial and endoneurial connective tissue, Schwann cells, and capillaries, 
all of which control regeneration of axons at the proximal and distal nerve 
stumps, occurs within 1 to 3 days after Injury. These tissues Infiltrate the Injury 
site and migrate toward each other and fomn a bridge and capillary bed 
between the stumps (Swaim, 1987). Surviving axons in the proximal stump 
grow along cellular outgrowths that follow the bridge traversing the nerve 
lesion, and eventually the axons and co-migrating Schwann cells progress into 
the distal nerve stump. A relatively narrow middle segment compared to 
proximal or to distal positions is usually seen in the bridge connecting the 
proximal and distal stumps (Williams et al., 1983; Madison et al., 1988). The 
bridge diameter has also been found larger at the end of 1 week than at later 
times, raising the possibility of a condensation of the bridge material during and 
shortly after the first week (Williams et al., 1983). 
The increased metabolic activity of the neuronal soma occurs 4 to 20 
days after injury. It results in the sprouting of axons from the proximal stump. 
Different types of injury result in different locations for the start of sprouting or 
budding of the regenerating axons. In the case of wide-spread traumatic 
injuries, budding begins 1 to 3 cm proximal to the point of severance; however, 
with a sharply localized injury, budding begins a few millimeters retrograde to 
the last node of Ranvier (Swaim, 1987). 
Vascular cells and fibroblasts may perform a critical process of preparing 
the environment for axonal outgrowth. In addition, Schwann cells of the 
proximal and distal nerve stumps probably play the most important role in 
axonal regeneration. As Schwann cells proliferate, they form longitudinally 
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oriented bands of Bungner, which are continuous with the persisting Schwann 
tubes in the nerve stump (Ailt, 1976; Spencer, 1977). The Schwann cells of 
each stump migrate toward each other and join. Because the Schwann cells of 
the proximal stump slightly precede those of the distal stump, they can be 
regarded as a guide for the regenerating axons. The rate of axonal 
regeneration at the marginal zone of realignment progresses about 0.25 
mm/day. Beyond this point, regeneration occurs at the rate of 1 to 4 mm/day. 
Although 3 to 4 mm/day rate of regeneration for axonal tips occurs, the rate of 
functional return is only 1 to 2 mm/day. The axonal regeneration rate changes 
during the course of regeneration in a single nerve, with lag periods at the 
beginning and end of regeneration. The state of the motor end plate and the 
condition of health of the muscle fibers also influence the success of axonal 
regeneration. Thus, physical therapy and care of muscles are important for 
successful peripheral nerve regeneration (Swaim, 1987). 
2.2 Repair techniques and review of previous work 
2.2.1 Various repair techniques 
The gap length is the most important factor in deciding the method of 
nerve repair. End-to-end anastomosis has been successfully used to repair 
small defects between severed nerve stumps. But it is not always possible to 
apply this method to bridge large gaps. To overcome large gaps, nerve grafting 
methods were developed. The autograft is the best option to repair injured 
nerves because it will not cause severe tissue reaction during the implantation 
period. Nevertheless, disadvantages of the autograft include the difficulty of 
acquiring a donor nerve for grafting and the inevitable risks of surgery at 
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another site. To solve these problems, artificial nerve cuffs or guide tubes are 
regarded as an alternative. 
2.2.2 Materials for use as tubes 
A wide range of biological and synthetic materials has been developed 
for use as nerve grafts. Although the ideal material for a nerve guide has not 
been identified, successful materials must fulfill the following requirements: 
(1) be inert (biocompatible), (2) be thin and flexible, (3) be translucent, (4) inhibit 
the proliferation of fibroblasts and connective tissue surrounding the injured 
nerve, and (5) promote healing and regeneration (Fields et al., 1989). 
For materials of biological origin, arteries and veins were most commonly 
used in early investigations (Weiss and Davis, 1943; Matson et al., 1948). 
These materials were acceptable, but they offered no special advantages over 
synthetic materials (Chiu et al., 1982; Fields et al., 1989). 
Metals, such as tantalum (White and Hamlin, 1945) and stainless steel 
(Azzam and Brightman, 1985), were another option to make nerve cuffs. In 
comparison to biological materials, metallic cuffs elicited minimal tissue 
reaction. However, it was not easy to implant metallic tubes because of rigidity 
and opacity of the metals (Fields et al., 1989). 
Millipore®, an inert material made of cellulose esters, was used 
successfully to permit axons to bridge gaps (Campbell et al., 1956). This 
material has the characteristics of permeability to extracellular fluids and can 
prevent branching of regenerating axons. However, Millipore® tubing is brittle 
and can fragment and calcify and therefore may collapse and rupture resulting 
in the fomnation of a neuroma (Fields et al., 1989). 
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Semi-permeable tubes of acrylic copolymer have been successfully used 
in aiding regenerating nerves to bridge gaps (Aebischer, 1988; Aebischer et al., 
1988). The permeable materials pemnitted the infiltration of possible growth 
stimulation substances from the extra-neural environment. However, it was 
found that regeneration was impeded when the permeable tubes (which had a 
permeability to molecules less than 50,000 daltons) were filled with 
extracellular matrix components such as collagen solutions and laminin-
containing gels (Valentini et al., 1987). 
Biodegradable materials, such as polyester homopolymers or 
copolymers of glycolic acid and lactic acid, or polymers of dicarboxylic acids 
and diols, have been successfully used in experimental studies of nerve 
tubulization (Nyilas et al., 1983; Rosen et al., 1992). In these studies, it showed 
that the biodegradable tubes were resorbed by the body soon after axons 
penetrated the distal stump. These results indicated that the biodegradable 
guides can provide optimal conditions for regeneration and maturation of 
damaged nerves. 
In the nondegradable materials, silicone rubber is the most acceptable 
material used to make the cuff, not only for its stable properties, but also for the 
following reasons: 
1. Since silicone rubber is non-permeable, it provides an isolated environment 
for the regenerating fibers. Therefore, the only biochemical factors that 
might influence regeneration are the cells, fluids, and growth stimulation 
substances within the chamber. 
2. The silicone rubber tubes present a good framework for the fibers to 
regenerate across the gap and toward the distal stump. 
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3. Because of its non-bioresorbability, silicone rubber tubes provide 
continuous support for the regenerating nerves. 
The silicone rubbers used for medical purposes can be divided into the 
heat-vulcanizing types and the room-temperature-vulcanizing types (RTV). The 
RTV silicone rubbers can be further subdivided into two categories: the two 
component RTV silicone rubber and one component RTV silicone rubber 
(Braley, 1970). These medical-grade silicone rubbers contain fillers and 
vulcanizing agents. The filler is used to give additional strength to the rubber. 
Silica with a particle size of about 120 Angstroms is commonly used in the heat 
vulcanizing types of silicone rubber (e.g., for tubing applications), and about 30 
}im In the two component RTV silicone rubber, and about 1000 Angstroms in the 
one component RTV silicone rubber. In the case of two component RTV silicone 
rubber, diatomaceous earth is generally used. The function of the vulcanizing 
agents is to change the raw mass from a plastic to a true rubber. 
DichlorobenzoyI peroxide (DBF) is a vulcanizing agent used for the heat 
vulcanizing silicone rubber. Other varieties are also available. Vulcanization of 
the two component RTV silicone rubber is catalyzed by stannous octoate. 
Vulcanization of the one component RTV rubber is initiated by absorption of 
water vapor from the air. It has been demonstrated that silicone rubber tubes 
are well tolerated in humans even after 3 years of implantation (Lundborg et al., 
1994). 
2.2.3 Nerve bridge technique used to repair short gaps 
Numerous studies have reported the successful regeneration of the rat 
sciatic nerve using the nerve bridge technique when the interstump gap length 
is not more than 10 mm. It was thought that 10 mm was the maximum gap that 
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could be bridged for rat peripheral nerves with a nerve cuff. The following 
studies shown in this section are those using nerve gaps not larger than 10 mm 
to investigate the effectiveness of different conduits on nerve regeneration. 
Those studies are arranged by year of publication. 
Molander et al. (1982) prepared copolymer meshes (0.4 x 0.4 mm for 
pore size) of polyglycolic acid and polylactic acid to repair a 9-mm gap in tibial 
nerves of 24 rabbits. The mesh was shaped into a tube which sealed off the 
defect. All the animals were sacrificed at 1, 3, 6, 8, 12 or 16 weeks after surgery. 
At 8 weeks following the implantation, it was found that a smooth nerve cable 
was formed containing blood vessels, fibroblasts, and collagen. The 
regenerated nerve cable was surrounded by a thin perineurial sheath with two 
to three layers of elongated cells. At 16 weeks, small regenerated fascicles 
were seen in the center of the nerve cable surrounded by perineurial cells and 
remyelination of the axons was apparent. Similar results of nerve regeneration 
through gaps bridged with copolymer grafts of polyglycolic acid and polylactic 
acid were reported by Molander et al. (1983). 
Nyilas et al. (1983) used poly(L-(+)-lactic acid) (PLLA) and poly(D,L-lactic 
acid) (PDLA) as nerve guides to repair severed mice sciatic nerves. To impart 
flexibility and suturability to the two polymers, two kinds of bioresorbable 
plasticizers were used. They were triethyl citrate and copoly[1,6-hexylene-(1:1)-
L-lactate/succinate]. To evaluate candidate nerve guides (0.5 - 1.25 mm I.D.) for 
in vivo nerve repair, the sciatic nerve in one hind leg was severed and a 
segment of nerve 3-5 mm in length was excised. After 4-6 weeks of 
implantation, test nen/e guides were retrieved from the animals. They found that 
the internal sizes of the nerve guides exhibited no obvious effects on the nerve 
regeneration and the types of guides which allowed consistent nerve 
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regeneration were; (1) PLLA and PDLA, either unplasticized or plasticized with 
2%, 5% or 10% by weight triethy! citrate and (2) PLLA and PDLA, plasticized 
with 5% by weight copoly[1,6-hexylene-(1:1)-L-lactate/succinate]. The 
regenerated cables were abundantly vascularized, and contained several 
hundred myelinated axons interspersed with Schwann cells, endoneurial 
collagen, and some unmyelinated axons. 
Williams et al. (1983) examined the spatial-temporal progress of rat 
peripheral nerve regeneration across a 10-mm gap with a silicone chamber 
(1.2 mm I.D., 2 mm O.D.) at 2-mm intervals. No fillings were loaded in the 
silicone chamber. After 1 week (n = 8), 2 weeks (n = 8), 3 weeks (n = 8), or 4 
weeks (n = 6), the animals were sacrificed. A coaxial, fibrin bridge was 
observed at 1 week connecting the proximal and distal stumps. Fibroblasts and 
Schwann cells were consistently seen in the most proximal and distal sections, 
but only a few were present in the central sections. Very few unmyelinated 
axons were seen in the most proximal sections. Fibroblasts and Schwann cells 
migrating from both stumps had advanced toward the midpoint of the fibrin 
bridge at 2 weeks. Schwann cell columns (with light-staining nuclei) from the 
distal stump were organized in clusters in the distal sections. Similar clusters of 
Schwann cells with axons, which were considered as regeneration units, were 
seen in the proximal sections. As compared to the fibroblasts and Schwann 
cells, blood vessels lagged behind them and were only detected in the most 
proximal and distal sections. No blood vessels were seen in the middle sections 
at this stage. Unmyelinated axons were seen in the proximal 1-5 mm of the 
chamber. Myelinated axons were observed in the most proximal sections. By 3 
weeks, fibroblasts, Schwann cells, and blood vessels were seen in all chamber 
sections. Unmyelinated axons were seen in the proximal 8 mm sections and 
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myelinated axons were seen at the proximal 3 mm of the chamber. At 4 weeks, 
unmyelinated axons were seen in the distal stump. Myelinated axons could be 
seen in the proximal 7 mm of the chamber. Regeneration units were still seen at 
the distal sections, but this compartmentation was greatly decreased or absent 
at the proximal sections. In addition, an immature perineurial sheath with 
circumferential cells was seen around the nerve cable. 
Fields and Ellisman (1986a, 1986b) studied axonal regeneration through 
a 10-mm rat sciatic nerve gap repaired with silicone rubber tubing (1.2 mm I.D., 
n = 24). No fillings were loaded into the tubing. It was found that regenerated 
nerve cables contained both myelinated and unmyelinated axons of near 
normal morphology. The number and diameter of axons increased with 
increasing postoperative time. Size-frequency histograms demonstrated that 
regeneration occurred in all major fiber groups. Remyelination occurred 
between 4 and 6 weeks. Some of the smallest regenerated axons had 
unusually thick myelin sheaths, but overall, regenerated axons had a slightly 
thinner sheath compared with similar-size normal fibers. Compared with the 
normal control nerve, the regenerated axons did not regain their normal size up 
to 10 months after surgery. 
Jenq and Coggeshall (1986) investigated the effect of silicone rubber 
tubing on patterns of rat sciatic nerve regeneration. An 8 mm gap was created 
and bridged by silicone rubber tubing (1.2 mm I.D.). After 8 weeks implantation, 
the nerve repaired with the tubing containing a transplant showed a higher 
successful regeneration (6 of 6 cases) than those containing no transplant (6 of 
9 cases). The nerves from the tubes with the transplant were larger in the gap 
than those from the tubes without the transplant. In addition, a typical 
epineurium (consisting of collagenous connective tissue with blood vessels and 
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fibroblasts), perineurium (consisting of sleeves of perineuria! cells) and a well-
developed endoneurium (consisting of myelinated and unmyelinated axons, 
blood vessels, fibroblasts, and endothelial cells) were developed in the nerves 
in the gap when the nerve regeneration tubes were used. Approximately equal 
numbers of axons were found in the gap (8349±1384 myelinated, 14786±6569 
unmyelinated) and the distal stump (8910±2230 myelinated, 13939±3890 
unmyelinated) indicating that all axons in the gap enter the distal stump without 
branching or without ending blindly. In addition, a larger density of blood 
vessels was seen in the regenerated nerve cables (approximately 500 vessels 
per mm2) compared to that found in the normal controls (125 vessels per mm^), 
indicating that a sizeable increase in vascularity occurred in the repaired 
nerves. 
Satou et al. (1986) used the collagen gels to examine their effects on 
regeneration of severed rat sciatic nerves. Small nerve gaps (5 mm) were used 
and several important findings associated with the chronological events in 
nerve regeneration are reported. Pieces of Wistar rat sciatic nerve 
approximately 5 mm in length were resected. Both stumps were then inserted 
into a silicone tube of 1 mm I.D., 1.5 mm O.D. with a length of 8 mm, placing the 
nerve gap (5 mm in length) at the center of the length of the tube. A mixture of 9 
parts of 0.3% collagen (Cell Matrix II, Nitta Gelatine Co., Ltd., Osaka, Japan) 
with 1 part buffer solution was injected into the tube in liquid form. The liquid 
collagen transformed into a gel at rat body temperature. The animals were 
sacrificed on the 7th, 10th, 14th, 17th, 21st, 24th, 28th, 31st and 35th day after 
the operative procedure. The resected nerves repaired by empty tubes were 
considered as the controls, in both test and control samples there was no 
continuity of tissues between the proximal and distal stumps from the 7th to 14th 
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day. However, conglomerations of very fine filamentous material, identified as 
collagen gel, occurred near the proximal stumps of test samples. Meanwhile, 
several fibrin clots were intermingled in the collagen gel matrix. The collagen 
gel was centered within the fibrin clots in the test specimens. Control specimens 
were composed of fibrin clots without gel material. Fibroblast and Schwann cell 
proliferation occurred on the proximal stump for both test and control 
specimens. They extended through or around the collagen fiber mass forming 
streamers. The Schwann cells and fibroblasts in controls showed a disorderly 
arrangement by comparison. A bridge between the proximal and distal stumps 
in both test and control groups was present after the 17th day. On the 28th day, 
a number of fine sprouting axons had been found around the distal stump in the 
test but not in the control specimens. Satou et al. (1986) indicated that the 
collagen gel matrix was an effective acellular matrix for enhancing axon 
sprouting at the initial stage of the regeneration. 
Le Beau et al. (1988) did ultrastructural and morphometric analysis of 
long-term peripheral nerve regeneration through silicone rubber tubes. A 
10-mm gap in rat sciatic nerve (n = 64) was bridged with the silicone rubber 
tubing (1.2 mm I.D., 2.0 mm O.D.). The regenerated nerve cables were then 
examined 7 to 545 days following the implantation. It was found that an 
advancing front of fibroblasts was followed by the migration of Schwann cells 
and regenerated axons in the time period of 28 and 35 days post-implantation. 
Axon regeneration could be promoted by the neurite-promoting factor released 
from the Schwann cells. The regenerated fibers began to myelinate between 14 
and 21 days after surgery. Although the early regeneration was successful, the 
regenerated fibers did not complete full myelination even at the end of the 
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experimental period. In addition, after 56 days implantation, the axons were 
found to be distorted by neurofilaments and the axons began to degrade. 
Knoops et al. (1990) compared the effect of tube permeability in 
promoting nerve regeneration; they compared impermeable silicone rubber 
tubing (n = 10, 1.1 mm I.D.) and semipermeable acrylic tubing (n = 31, 1.1 mm 
I.D.). Rat sciatic nerves with an 8-mm gap were repaired with the two different 
tubes. Similar cytologicai organization of nerves was observed within both 
kinds of tubes. Two weeks postoperatively, a cellular bridge was well 
established with its circular form and the circumferential cell layers. 
Longitudinally oriented blood vessels had already appeared. In all rats, 
unmyelinated fibers were present at mid-tube region but only in one case, 
myelinated fibers were seen. At the proximal section, myelinated fibers had 
been formed and the epineurium and endoneurium were well developed. In the 
distal part, unmyelinated fibers were observed but no myelinated ones were 
present. After 3 weeks all animals showed myelinated fibers at mid-tube and 
distal sections. In the experiment with the silicone rubber tubing larger number 
of myelinated axons was found in the distal portion of the regenerated nerve 
cable after 4 weeks implantation and in the middle portion after 27 weeks 
compared with the results seen with the semipermeable acrylic tubing. In 
addition, the endoneurial surface areas were also larger. 
Kosaka (1990) investigated the regeneration of rat sciatic nerve across a 
5-mm gap which contained a small artery that was inserted into a silicone 
rubber tube (1.0 mm I.D.) between the proximal and distal stump. After 4, 8, and 
15 weeks of implantation, he found that nerve regeneration was more 
successful within silicone rubber tubing with an arterial blood supply compared 
with that occurring in silicone rubber tubing without the artery. He concluded 
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that the silicone rubber tubing containing an artery not only can serve as a 
guide for neural outgrowth but can also increase the supply of nutrients for the 
regenerating axons and Schwann cells. 
Daniel (1991) compared nerve regeneration across a 5 mm rat sciatic 
nerve gap (1) through a silicone rubber multiple-lumen cuff (0.381 mm I.D. of 
lumen size), (2) through a silicone rubber single-lumen tube (1.58 mm I.D., 
2.41 mm O.D.), and (3) with the use of an epifascicular epineurial coaption 
(end-to-end anastamosis) technique. Four time periods of testing (8, 12, 16, and 
24 weeks) for these three methods at three positions (single lumen: proximal 
stump in cuff, distal stump in cuff, midpoint in gap; multiple-lumen; proximal 
stump in cuff, distal stump in cuff, midpoint in gap; end-to-end anastamosis: 2 to 
3 mm proximal to the repair site, 2 to 3 mm distal to the repair site, center of the 
repair site) were studied. In the multiple-lumen (7 lumens) case, at 8 weeks for 
each of two animals only 1 cable had crossed the 5 mm gap. At 24 weeks, in 
one animal two cables had crossed the gap, in another animal 6 cables had 
crossed the gap, and in the third animal 5 cables had crossed the gap. At the 
midpoint at 8 weeks approximately 50 axons/cable were seen and at 24 weeks 
approximately 100 axons/cable were observed. By 24 weeks at the midpoint, 
the single lumen repair method showed the highest axon counts, followed by 
the multiple-lumen cuff repair, and then followed by the end-to-end repair (p = 
0.034). It was concluded that the multiple-lumen cuff can provide support, can 
guide, and can orient the regenerating nerves as they grow across the gap. 
Den Dunnen et al. (1993) evaluated nerve regeneration through a 
10-mm gap in rat sciatic nerve (n = 6) after 24 months of implantation of 
copolymers of L-polylactic acid and poly-e-caprolactone tubing (1.2 -1.3 mm 
1.D.). It was found that for all the L-polylactic acid and poly-e-caprolactone 
22 
tubing used, repair was successful across the nerve gap. In addition, the g-ratio 
(axon diameter/myelinated fiber diameter) in each regenerated axon was 
similar to that in normal control (0.6 - 0.7). However, a larger number of 
myelinated axons per cross sectional area (300 - 400 axons per cross sectional 
area in the regenerated nerve cables, 150 axons per cross sectional area in the 
controls) and a smaller axonal diameter (4-6 |u,m in the regenerated nerve 
cables, 9 )im in the controls) were seen in the regenerated nerve cables 
compared with controls. 
2.2.4 Nerve bridge technique used to repair long gaps 
The nerve bridge technique can be successfully used to repair short 
nerve gaps in a rat model. However, the rat peripheral nervous system 
possesses a high potential for axonal regeneration across short nerve gaps. 
Therefore, the use of a gap longer than 10 mm may be necessary to show 
significant improvements in bridging nerve gaps by using different modifications 
of nerve cuffs. Recently, various stimulatory substances such as laminin, 
fibronectin, collagen, and amnion membrane have been loaded into the lumens 
of single-lumen polymer cuffs to modify the internal microenvironment of 
chambers in which nerve regeneration will occur in order to promote the growth 
of nerves across longer gaps. Laminin, which Is mainly produced by Schwann 
cells, is a high molecular weight glycoprotein that is widely dispersed in the 
peripheral nervous system and is found in the endoneurium, basal laminae, 
ventral root pathways, sites of developing sensory ganglia, and areas of 
intimate contact with growing axons (Lander et a!., 1985; Longo et al., 1984). As 
with the laminin, fibronectin is also a high molecular weight glycoprotein that is 
found in plasma, fibrous connective tissue, and basement membrane (Woolley 
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et al., 1990). Fibroblasts (a component in peripheral nerve endoneurial cells of 
about 4 percent) produce significant amounts of fibronectin (Combrooks et a!., 
1983). Collagen is the major constituent of all extracellular matrices. There are 
at least 15 different types of collagen in vertebrates (Linsenmayer, 1991) among 
which type I (fibrillar), type II (fibrillar), type III (fibrillar), and type IV (network 
forming: nonfibrillar) collagen have been used as extracellular matrices to study 
their effects on growth of regenerating nerves (Satou et al., 1986; Madison et 
al., 1988; Rosen et al., 1992). The amnion membrane that is found in the 
placentae containing molecules of laminin and collagen has been used as a 
substratum for cultured neuronal cells (Danielsen et al., 1988). In addition, 
several commercial sources containing the growth substances, such as 
Matrigel® (mostly laminin (-80%) and some type IV collagen), Vitrogen® (95% 
type I and 5% type III bovine demnal collagen), and Zydemri® (type I with some 
type III collagen), have been used to study the nerve regeneration. All these 
extracellular matrix constituents have been shown to have neurite-promoting 
activity, possibly by facilitating appropriate neurite-substratum interaction 
(Baron-Van Evercooren et al., 1982). In addition, they also offer positive effects 
on improving regeneration including the promotion of axonal growth, increasing 
numbers of Schwann cells, fibroblasts, and regenerated axons present, and the 
higher success percentage of regeneration across gaps (Fields et al., 1989; 
Woolley et al., 1990). 
Details of the effects of these endogenous stimulatory factors on nerve 
regeneration are described in the following studies. 
Yoshii et al. (1987) investigated the effect of laminin on nerve 
regeneration. Nerve guides made of 2000 polyethylene telephtalate filaments 
(each filament was 10 }im in diameter) were wound together with nylon thread 
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to form a cord 10 mm in length and 1 mm in diameter. The nerve guides were 
incubated 2 hours at room temperature in a solution consisting of 1 mg of 
laminin and 20 ml of phosphate-buffered saline (pH 7.4). The laminin-coated 
guides acted as scaffolds for the regeneration of axons. Ten 3-month-old Wistar 
rats weighing about 250 g were used. Four rats received nerve guides not 
coated with the laminin (controls) and 6 rats received laminin-coated nerve 
guides. Sciatic nerves were immobilized and transected, and a 10-mm segment 
of the nerve was removed. The dissected nerve stumps were then repaired with 
the nerve guides. Four weeks after surgery they found numerous regenerated 
axons in the middle portion of the laminin-filled guides, but there were no axons 
in the guides which were not coated with the laminin. 
Madison et al. (1988) studied the effect of Vitrogen® collagen and 
Matrigel® on nerve regeneration in silicone rubber chambers. Eighteen adult 
male Sprague-Dawley rat sciatic nerves with a 15- or 20-mm gap were bridged 
by silicone rubber tubes. The silicone rubber chambers which had an inner 
diameter of 1.5 mm were implanted empty (n = 6), or filled with Vitrogen® 
collagen (n = 6) or Matrigel® (n = 6). Four-sixteen weeks post-implantation 
retrieved chambers showed that 3 of 6 of the animals with the laminin-
containing gel and 4 of 6 of the animals with the collagen had regenerated a 
nerve cable within the tubes. None of the initially empty tubes displayed a tissue 
cable connecting the proximal and distal nerve stumps. They concluded that 
tubes filled with collagen or Matrigel® may enhance the ability of axons to cross 
larger nerve gap distances compared to the initially empty tubes with the same 
gap length. The cross sectional appearance of the regenerated nerve cable 
was also studied. The cables were highly vascularized throughout their entire 
length during the 4-16 weeks experimental period. In addition, a perineurial-
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like structure surrounding a core containing acellular material was seen in the 
cable. The fraction of the acellular core increased in more distal portions of the 
cable. The acellular material was observed under the electron microscope. 
Thick type I collagen fibers of the Vitrogen® were quite evident whereas the 
globular appearance of the type IV collagen of the Matrigel® was also seen. 
Madison et al. (1988) believed that the acellular material in the core could be 
the remnants of the initial gel filling in the lumen of the tube. 
Danielsen et al. (1988) studied regenerating nerves In a silicone 
chamber model which was filled with a rat amnion membrane matrix (rAMM). 
The rAMM-filled silicone tubing (1.8 mm I.D., n = 4) was used to bridge a 10 mm 
gap between transected proximal and distal stumps in the rat sciatic nerve. 
Control experiments (n = 11) used silicone chambers prefilled only with 
phosphate-buffered saline (PBS). The rats were sacrificed 16 or 28 days after 
chamber implantation. No obvious inflammation reactions were seen in the 
chambers prefilled with the rAMM after 16 days implantation. Perineurium-like 
circumferential cells as well as blood vessels were seen throughout the length 
of the chamber. Schwann cells were found as far as 5 mm (average 3 mm) from 
the proximal ends of the chambers, as well as 1 mm (average less than 1 mm) 
from the distal ends of the chambers. Regenerated axons from the proximal 
stumps had reached the same distance as the Schwann cells in all cases. 
Myelinated axons were only seen as far as 1 mm from the proximal ends of the 
chambers. Similar results were observed in the PBS-filled chambers as those in 
the rAMM-filled lumens after 16 days implantation. However, a less extensive 
invasion of blood vessels (3 mm from the proximal ends, 3.5 mm from the distal 
ends) and a more aggressive immigration of Schwann cells (2.5 mm from the 
distal ends) in the distal stumps were seen in the PBS-filled chambers. In 
addition, an acellular core structure surrounded by endoneurium and an outer 
circumferential cell sheath was seen in the rAMM-filled chambers, whereas a 
compact core of endoneurium surrounded by a circumferential cell sheath was 
obsen/ed in the PBS-filled chambers. Compared to the regenerated nerve 
cables in the PBS-filled chambers, the nerves in the rAMM-filled chambers had 
a larger total diameter (0.96 mm compared to 0.52 mm), a larger total cross 
sectional area (0.73 mm^ compared to 0.23 mm^), a larger core area 
(0.24 mm2, no data specifically given for the PBS-filled lumens), a larger 
endoneurium (0.32 mm^ compared to 0.15 mm^), a larger circumferential area 
(0.16 mm2 compared to 0.08 mm^), and a larger number of blood vessels (153 
compared to 35). After 28 days, the acellular cores of the regenerated nerve 
cables in the rAMM-filled chambers had mostly disappeared and had been 
replaced with endoneurium. By 28 days, the diameters of regenerated nerve 
cables were reduced. The nerves in the rAMM-filled chambers still had a larger 
total diameter and a larger endoneurium compared to the nerves in the PBS-
filled chambers. The number of myelinated axons in rAMM-filled chambers was 
larger than that found In the PBS-filled chambers (2045 compared to 1532). 
However, the density of myelinated axons was lower in the rAMM-filled 
chambers compared to that found in the PBS-filled chambers (7979 axons/mm^ 
compared to 13212 axons/mm2), probably due to remnants of rAMM material 
within the endoneurium. 
Woolley et al. (1990) studied the effects of a fibronectin-laminin solution 
added to silicone rubber chambers bridging 18-mm gaps in peripheral nerve. 
The sciatic nerves of twenty adult (250 to 350 g each) female Sprague-Dawley 
rats were sutured into silicone rubber chambers (1.4 mm I.D., 2.3 mm O.D., 20 
mm in length), creating an 18-mm gap between the proximal and distal nerve 
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stumps. The chambers were filled with either a mixture of fibronectin and 
laminin in saline at a concentration of 500 ng/ml fibronectin and 500 |ig/ml 
laminin (n = 10) or with a solution of cytochrome C (1mg/ml in saline solution, n 
= 10) as the control. Cytochrome C is a protein with no stimulatory 
characteristics that was commonly used as a control due to its molecular weight 
being similar to stimulatory substances. After 6 weeks, the animals were 
euthanized and the chambers were examined for regeneration. Seventy 
percent of the animals from the fibronectin-laminin group demonstrated 
regeneration across the 18-mm gaps, compared to only 30% in the control 
group. Morphometric studies revealed that both the groups had a well-
developed epineurium and were highly vascularized throughout the entire 
length of the cable. However, the mean area of the regenerated segment in the 
fibronectin-laminin group was 37% larger than the controls, and ultrastructural 
analysis demonstrated the presence of a more mature regenerated nerve cable 
compared to controls. Specifically, the myelin was significantly thicker in the 
fibronectin-laminin group compared with the cytochrome C group. In addition, 
an acellular core, which was not seen in the fibronectin-laminin group, occupied 
the central portion of the cable in the cytochrome C group. Few axons were 
seen in the cable. Moreover, the fibronectin-laminin significantly increased the 
number of myelinated axons that grew into the distal end of the chamber 
compared to the cytochrome C filling (fibronectin-laminin, 1325 ± 522; 
cytochrome C, 152 ± 104; p = 0.03). Also, the fibronectin-laminin treated group 
exhibited a greater number of regenerative units with more complete Schwann 
cell ensheathment and more nonneuronal cells than for cytochrome C. A better-
developed endoneurial organization and fascicular development was also seen 
in the fibronectin-laminin group. Examination of the distal tributaries of the 
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sciatic nerve revealed axons only in the fibronectin-laminin group (134 ± 59); 
none were found in the control group. Quantitative analysis of neurons, 
retrogradely labeled with horseradish peroxidase by means of injection into the 
sciatic nerve distal to the regenerated segment, revealed a greater number of 
sensory and motor neurons in the fibronectin-laminin group (1227 ± 512 for the 
sensory neurons; 307 ± 161 for the motor neurons) compared to the cytochrome 
C group (202 ± 182 for the sensory neurons; 32 ± 30 for the motor neurons). 
Their study is the first in vivo demonstration that the fibronectin-laminin solution 
added into silicone chambers significantly enhances regeneration of rat sciatic 
nerve across 18-mm long gaps. 
Wang et al. (1992) studied the role of laminin in Wistar rat sciatic nerve 
regeneration comparing blocked (antiserum-treated) and unblocked laminin 
localized on Schwann cell basal lamina in nerve grafts. Nerve segments 
retrieved from rat sciatic nerves underwent repetitive freezing and thawing to kill 
the Schwann cells. Nerve segments subsequently immersed in normal rabbit 
serum were treated as control grafts and the segments treated with anti-laminin 
antiserum were the experimental group. These grafts were then used to bridge 
a 10-mm gap in rat sciatic nerve. Observations were made at 2, 5, 7, 10, 15, and 
30 days after implantation. In the control grafts, they found that 92% of the 
developing axons regenerated inside the basal lamina scaffolds, whereas only 
about half of that percentage of the developing axons regenerated in the basal 
lamina scaffolds in the anti-laminin antiserum treated grafts (the rest of the 
axons that regenerated were in the background matrix). They concluded that 
the laminin present at the inner side of Schwann cell basal laminae may 
provide a neurotrophic function to guide the regenerating axons into the basal 
lamina scaffolds. 
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Bailey et al. (1993) studied the influence of fibronectin and laminin during 
Schwann cell migration and peripheral nerve regeneration through silicone 
rubber chambers. Eighteen-millimeter gaps were created in the sciatic nerves of 
sixty-three adult female Sprague-Dawley rats (250-300 g) and the transected 
nerves were bridged with silicone rubber chambers (1.4 mm I.D., 2.3 mm O.D., 
and 20 mm in length) pre-filled with various solutions including cytochrome C (n 
= 12), laminin (n = 12), fibronectin (n = 12), combination of laminin and 
fibronectin (n = 12), and nerve growth factor (n = 15). The concentrations for 
fibronectin and laminin were each 500 jug/ml in sterile saline solution. Nerve 
growth factor at a concentration of 1 mg/ml in saline was used. For the analysis 
of Schwann cell migration, 20 rats undenwent a similar surgical preparation. 
Chambers implanted in these rats contained saline solutions of 500 ^ig/ml 
fibronectin (n = 3), 500 ^.g/ml laminin (n = 3), a combination of 500 |ig/ml laminin 
and 500 jig/ml fibronectin (n = 4), 1 mg/ml nerve growth factor (n =7), and 
1 mg/ml cytochrome C (n = 8) as the control group. The solutions were added to 
7 mm long silicone rubber chambers. The gap distance between severed sciatic 
nerve ends was 5 mm. Ten days after implantation, they found a greater area of 
Schwann cell migration into the regenerated nerve cable in fibronectin (1.31 ± 
0.32 mm2), laminin (1.33 ± 0.06 mm^), and combination of fibronectin/laminin 
groups (1.37 ± 0.27 mm2) compared to nerve growth factor (0.83 ± 0.15 mm^) 
and compared to cytochrome C (0.68 ±0.13 mm^). Four months later in the 
animals with the 18-mm gap, the animals that received implants containing the 
fibronectin/laminin had more myelinated axons in the regenerated segment 
distal to the site of injury (4520 ± 793) and the distal sciatic tributary nerves (439 
± 95) than those animals that received implants containing cytochrome C (2193 
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± 606; 189 ± 72), nerve growth factor (1685 ± 436; 148 ± 29), laminin (1589 ± 
635; 138 ± 62), and fibronectin (2595 ± 675; 237 ± 80). 
Tong et al. (1994) tested the effect of laminin and fibronectin on 
peripheral nerve regeneration. One hundred collagen fibers (70 nm in 
diameter) coated with combinations of laminin and fibronectin were inserted 
into biodegradable collagen tubular grafts (2.0 mm I.D.; 12 mm in length). The 
ends of the grafts were then sutured to the proximal and distal stumps of the 
sciatic nen/es of adult male Wistar rats. Thirty days after implantation, several 
regenerated nerve fasciculi were seen in the middle portion of the 10-mm long 
laminin-fibronectin coated grafts, but no development of nerve fasciculi was 
seen in the controls (tubular grafts consisting of non-coated collagen fibers). 
More myelinated and unmyelinated axons surrounded by perineurium were 
found in the middle and distal portions of the laminin-fibronectin coated grafts 
compared with the uncoated controls after 60 days. They concluded that 
combinations of laminin and fibronectin can promote nerve regeneration. 
2.2.5 Disadvantages of using the nerve guides 
The main objection for using non-erodibie conduits is that they remain in 
situ as foreign bodies after the nerve has regenerated. A second surgery might 
then be necessary to remove the conduits, causing possible damage to the 
nerve. 
To eliminate the need for a second surgery to remove the implanted 
tubes, nerve guides which are resorbed by the body (after an appropriate 
interval) seem to offer the greatest promise as an ideal tubulization material. 
Numerous investigators have used bioresorbable guides with or without fillings 
to repair injured nerves (Molander et a!., 1982, no fillings; Nyilas et al., 1983, no 
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fillings: Madison et al., 1985, 1987, laminin-containing gels; Dellon and 
MacKinnon, 1988, no fillings: Rosen et al., 1992, collagen gels). However, 
biodegradable nerve guides that degrade as a function of time may lose their 
functional capability as a structural cuff. In addition, Henry et al. (1985) found 
that the swelling of walls caused by absorption of body fluids can happen in 
biodegradable cuffs in which no fillings are loaded. The swelling could occlude 
the lumen, and this could impair axonal regeneration. The tubes used by Henry 
et al. were single or composite mixtures of polyesters. Three components 
predominated: D,L-poly(lactic acid)i (D,L-PLAi), D,L-poly(lactic acid)2 (D,L-
PLAa), and polyglycolic acid (PGA). The tubes were 5 to 15 mm in length and 
had internal lumen diameters in the range of 0.25 to 0.86 mm. The tubes were 
sutured in the sciatic nerves of adult male and female mice (n = 63). Nerve gaps 
from 3 mm to 13 mm in length were repaired. Tubes remained in place from 3 
weeks to 2 years after implantation. At the time of retrieval, they found that the 
walls of the bioerodible tubes were swelled in nearly all cases. In more than 
50% (34/63) of the implants, a nerve regenerated within the tube to bridge the 
gap between proximal and distal stumps. In most failures, wall swelling was so 
extreme that the lumen was noted to be occluded. Most failures (19/29) 
occurred in tubes with an internal lumen diameter of 0.5 mm or smaller. They 
concluded that luminal adequacy, not tube composition, is paramount in 
determining the extent of nerve regeneration. Another possible disadvantage of 
erodible nerve guides is the cellular activity during the process of degradation 
of the nerve guides that evokes neural fibrosis and interferes with nerve 
regeneration (Den Dunnen et al., 1993). 
32 
2.3 Cytological events in regenerative nerve guides 
Nerve is a composite of tissues which react differently to trauma, and 
each has unique patterns of regeneration. The treatment applied to improve 
nerve injuries must take this into consideration when describing the cytological 
events during the process of nerve regeneration. Some technical factors, such 
as the size of the gap, also affect the sequence during the regeneration 
process. The typical cytological events in the regeneration are discussed here. 
2.3.1 Fluid accumulation 
Within one day following implantation, the regenerative chambers are 
immediately filled with yellowish brown fluid, including blood serum and other 
extracellular and intracellular fluids (Williams et al., 1983; Le Beau et al., 1988). 
It has been shown that this fluid contains several agents, such as the laminin, 
fibronectin, and neurite-promoting factors, displaying neuronotrophic activities 
on cultured neurons (Longo et al., 1983, 1984). The fluid stays in the chambers 
surrounding the regenerating tissues for the entire experimental period, such as 
for 4 weeks as seen in the study of Williams et al. (1983). 
2.3.2 Fibrin bridge 
During the first week, a fragile fibrin bridge containing fibroblasts, 
fibronectin, macrophages, leukocytes, and erythrocytes gradually coalesces 
along the central axis of the chamber and links the proximal and distal nerve 
stumps (Fields et al., 1989). Similarly, Williams et al. (1983) reported that the 
regenerated nerve cables were composed of fibrin matrices which were 
populated by mast cells and red blood cells at 1 week of regeneration. This 
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fibrin bridge provides a framework for subsequent migration of fibroblasts, 
Schwann cells, and axons. Anti-laminin and anti-fibronectin staining of the fibrin 
bridge revealed very fine filamentous laminin and fibronectin (-1 ^im in 
thickness) in regenerated cables at 14 days after transection (Longo et al., 
1984). A narrowing middle segment was commonly seen in the fibrin bridge 
(Williams et al., 1983). The cross sectional area of the bridge was also found 
larger at the initial stage of regeneration (within 1 week) than at later times 
(Williams et al., 1983). 
2.3.3 Fibroblast migration 
By 7 days following nerve transection, fibroblasts proliferate and begin to 
invade the fibrin bridge from both the proximal and the distal stumps. The 
fibroblasts appear elongated, lack a basal lamina, and show prominent, dilated, 
coarse endoplasmic reticulm (Williams et al., 1983; Jenq and Coggeshall, 1986; 
Le Beau et al., 1988). Once the fibroblasts migrate into the fibrin matrix, these 
cells begin to form a concentric cellular layer inside the walls of the nerve guide 
surrounding the origin of the proximal and distal stumps while later these cells 
begin to invade into the central core of the cable from the peripheral regions of 
the cable (Williams et al., 1983; Jenq and Coggeshall, 1986). Within 
approximately 14 days, several layers of concentrically arranged fibroblasts 
surround the core of the regenerated fibrin bridge (Fields et al., 1989). 
2.3.4 Schwann cell migration 
Stained with toluidine blue, the Schwann cells are identified as cells with 
medium-dense cytoplasm and a pale oval nucleus (Danielsen et al., 1988). 
Proliferation and migration of the Schwann cells are evident 1 week after nerve 
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transection. These activities correlate with the secretion in regenerating nerve of 
a diffusable Schwann cell mitogenic factor (Fields et al., 1989). Schwann cells 
are found extending into the fibrin bridge from both the proximal and distal 
stumps (Williams et al., 1983; Longo et al., 1984; Danielsen et al., 1988). The 
basal lamina of the Schwann cells may provide a substratum for the 
regenerating axons to adhere and grow (Williams et al., 1983; Madison et al., 
1988). Bailey et al. (1993) have successfully used the combination of laminin 
and fibronectin to increase the influx of Schwann cells (1.37 mm^ of Schwann 
cell area in the laminin and fibronectin group compared to 0.68 mm^ in the 
cytochrome C group) migrating into the regenerating nerve segments which 
may promote axonal regeneration. 
2.3.5 Epineurium, Perineurium, and Endoneurium 
An epineurial structure consisting of concentric layers of fibroblasts 
embedded in a connective tissue matrix is commonly seen at the rim areas of a 
regenerated nerve cable (Danielsen et al., 1988; Derby et al., 1993). Underlying 
the epineurium are sleeves of perineurial cells which have prominent external 
laminae and many pinocytotic vescicles. Inside the perineurium is the 
endoneurial region. This region contains all the regenerated nerve components 
wrapped in collagenous endoneurial connective tissue. A dramatic change from 
the normal nerve microstructures seen in this area compared to these 
regenerated nerve examples is that numerous small cellular units which are 
subdivided by strands of perineurial cells are seen in the core of the 
regenerated nerve cable (Williams et al., 1983; Jenq and Coggeshall, 1986; 
Woolley et al., 1990; Derby et al., 1993). 
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2.3.6 Vascular sprouts 
Vascular cells perform a critical process of preparing the environment for 
axonal outgrowth. The vascular sprouts begin from both the proximal and distal 
stumps at 2 weeks after nerve transection. Formed blood vessels usually lag 
behind the migration of Schwann cells and fibroblasts. Blood vessels can be 
seen in the rim area as well as in the core of the regenerated cable (Jenq and 
Coggeshall, 1985). In the study of Williams et al. (1983), vasculature was seen 
in the entire length (10 mm) of the regenerated nerve cable at 4 weeks after 
nerve transection. In the studies of Jenq and Coggeshall (1985, 1986), at 8 
weeks after nerve transection, the number and size of blood vessels 
(observations from Figures 1 - 5 in Jenq and Coggeshall, 1985) increased in 
the regenerated nerve cable in a silicone rubber tube (143 in average number; 
100 ^im for the largest diameter), compared to the normal sciatic nerves (48 in 
average number; 70 |im for the largest diameter). Danielsen et al. (1988) found 
growth promoting substances, such as found in rat amnion membrane matrix 
(rAMM), increased the number of blood vessels at the proximal sections in the 
nerve regenerated in a silicone rubber tube compared to the control at 16 days 
after implantation (active growth promoting substances, rAMM, average blood 
vessel number of 153; controls, phosphate-buffered saline, average blood 
vessel number of 35). 
2.3.7 Regeneration units and Schwann ceil coiumns 
In the regeneration of sciatic nerve of rats across a 10 mm gap bridged 
by a silicone rubber single lumen cuff (1.2 mm I.D., 2 mm O.D., no fillings 
inside), Schwann cells organized in clusters surrounding groups of 
unmyelinated axons (approximately 1 |im in diameter for each axon, 1 - 3 
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axons/each Schwann cell; approximately 25 |im in overall size and roughly 
teardrop in shape) were present 1 - 5 mm beyond the proximal stump at 2 
weeks following nerve transection (Williams et al., 1983). These axon-Schwann 
cluster formations are the common organizational structures seen under similar 
nerve cuff bridging conditions and such structures have been termed 
"regenerating units" by Morris et al. (1972) in their study observing regeneration 
of divided rat peripheral nerve. 
Williams et al. (1983) also found that many cells were organized in 
clusters at locations 1 - 3 mm from the distal stump toward the midpoint of 
cables regenerated between proximal and distal stumps using silicone rubber 
single-lumen nen/e cuffs. These clusters may represent "Schwann cell 
columns" proliferating from the distal stump which have pale Schwann cell 
nuclei when visualized using toluidine blue staining (Williams et al., 1983). 
These Schwann cell columns are often several cells thick and have been 
recognized by the possession of a basement membrane and the presence of 
numerous fine longitudinal filaments within their cytoplasm (Thomas, 1966). 
Regeneration units also have been reported in several other studies. For 
example, Knoops et al. (1990) observed regeneration units which had a similar 
compartmentalization of nerve fibers (2 - 5 |im in diameter) surrounded by 
Schwann cells (20 - 35 |im in overall size) in the midpoint of a cellular bridge (4 
mm in length) that developed after tubulization with an acrylic semipermeable 
tube (1.1 mm I.D., no fillings inside) during 2 weeks of implantation. Kosaka 
( 1 9 9 0 )  a l s o  r e p o r t e d  t h a t  r e g e n e r a t i o n  u n i t s  ( 2 0  -  3 0  p . m  i n  o v e r a l l  s i z e ,  2 - 1 0  
Jim for the fiber size) were seen in the midpoint of regenerated nerves (5 mm in 
length) in artery-including silicone rubber tubes (1 mm I.D.) at 4 weeks 
postoperatively. Derby et al. (1993) found regeneration units exhibiting clusters 
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of nerve fibers (3 - 5 urn in diameter) surrounded by Schwann cells (20 (im in 
overall size) in the midpoint of regenerated nerves (7-8 mm in length) after 2 
weeks following nerve transection (using silicone rubber tubes for nerve cuffs 
that had sizes of 1.47 mm I.D., 1.96 mm O.D., 10 mm in length which had been 
filled with a solution containing 3 mg/ml of nerve growth factor). Tong et al. 
(1994) showed regeneration units containing bundles of well developed nerve 
fibers (2-10 |im in diameter) surrounded by Schwann cells (20 - 50 |im in 
overall size) in the middle portions of regenerated nen/es (10 mm in length) 
after 60 days in collagen tubes (2 mm I.D., 12 mm in length) which were filled 
longitudinally with laminin (50 p,g/ml in phosphate buffered saline) and 
fibronectin (50 |ig/ml in phosphate buffered saline) double coated collagen fiber 
bundles. Williams et al. (1983) also observed that regeneration units could be 
absent in the proximal sections at 4 weeks postoperatively, as they were 
replaced by endoneurial tissue and regenerated axons. 
When the Schwann cell columns contact with the outgrowth from the 
proximal stump, these cell columns may act as pathways directing the 
regenerating axons to the distal stump. In the study of Williams et al, (1983), 
these Schwann cell columns in the distal sections of the regenerated nerves 
are replaced by the regeneration unit compartmentalization after 4 weeks of 
regeneration, indicating that axons successfully immigrated into the distal 
portions of the nerve. 
2.3.8 Myelination 
Myelin is formed around peripheral nerve axons by Schwann cells. The 
earliest stage of myelination is seen in the proximal region of the regenerated 
cable as indicated by the presence of axons with thin (~0.1 ^im), compact myelin 
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sheaths about 3 weeks after transection (Fields et al., 1989). In the results 
reported by Le Beau et al. (1988), the myelin sheath thickness is found to 
increase with increasing post-transectional time from 0.37 (42 days after 
surgery) to 0.57 nm (435 days after surgery). However, the myelin sheath 
thickness that is established during regeneration is generally thinner in 
regenerated fibers compared to the normal controls (1.55 p.m). Despite the 
thinner myelin sheaths on the regenerated axons, electrophysiological studies 
indicate that the time constant of excitation and refractory period return to 
normal values in nerve regenerated through silicone rubber tubes (Fields and 
Ellisman, 1986a, 1986b). 
2.3.9 Axons enter distal stump 
Axonal regeneration has been reported by many investigators. In the 
study of Williams et al. (1983), they found that unmyelinated axons extend 
across the 10-mm gap and into the distal nerve stump using single-lumen 
silicone rubber tubes (1.2 mm I.D., 2 mm O.D., no fillings inside) as nerve cuffs 
by 4 weeks after nerve transection. The myelinated axons, by comparison enter 
the gap regions as far as 7 mm distal to the proximal stump. Recently, 
neurostimulating substances have been used to investigate the possible 
promotion of the growth of axons in sciatic nerves (sensory and motor neurons) 
to cross gaps and to grow into the distal segment in a shorter period. These 
neurostimulating substances include (1) nerve growth factor (NGF) for early 
enhanced sensory nerve regeneration (Derby et al., 1993), 
(2) brain-derived neurotrophic factor (BDNF), (3) collagen, and (4) a mixture of 
laminin and fibronectin. The effects that these neurostimulating substances 
have on nerve regeneration are discussed here. 
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(1) Nerve growth factor (NGF) 
HoKowell et al. (1990) found that similar numbers of motoneurons 
(1724±153 in NGF group, 1813±173 in cytochrome C control group) and 
sensory neurons (9608±571 in NGF group, 10246+638 in cytochrome C control 
group) as compared to the uninjured nomnal control group (2027 ± 116 for 
motoneurons, 8809 ± 425 for sensory neurons) were seen in the nen/es 
regenerated in silicone rubber tubes (1.2 mm I.D., 2 mm O.D., 8-mm gaps) filled 
with NGF (1.5 mg/ml in 0.9% saline) or cytochrome C (1.5 mg/ml in 0.9% saline) 
after 10 weeks. The point of this article is to show that although at 4 weeks NGF 
has an advantage of generating myelinated axons across a gap, by 10 weeks 
there is no advantage in using NGF in gap chambers. 
(2) Brain-derived neurotrophic factor (BDNF) 
Shirley et al. (1996) found that the motor functions were not different in 
gait analysis (as measured by ankle angle comparisons) and in force 
development for the nerves regenerated in silicone rubber tubes (0.7 mm I.D., 
1.5 mm O.D., 3-mm gaps) filled either with BDNF (15 mg/ml) or with phosphate 
buffered saline (control) throughout a 13-week evaluation period (at 2, 4, 6, 10, 
12, and 13 weeks after nerve transection and suturing in the silicone rubber 
cuff). 
(3) Collagen 
In the study of Madison et al. (1988), silicone rubber tubes (1.5 mm l.D.) 
containing either collagen (Vitrogen®, 2.4 mg/ml in phosphate buffered saline) 
or a laminin-containing collagen gel (Matrigel®, laminin, collagen, and heparin 
sulfate proteoglycan) have been successfully used to have axons cross 20-mm 
gaps in 4 to 16 weeks. Horseradish peroxidase labeling showed that both 
sensory and motor neurons (see Table 1, pp. 328 in Madison et al. (1988) for 
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individual sampling times; the following represent the combined data for the 
periods tabulated for 4 to 16 weeks: 89 ± 104 sensory neurons, 354 ± 270 
motor neurons for the Matrigel®-treated (i.e., 80% laminin present) nerves; 52 ± 
46 sensory neurons, 196 ± 132 motor neurons for the Vitrogen®-treated nerves) 
could cross these long nerve gap distances. Thus, some of the cable axons 
were from primary motor and sensory neurons. Comparable numbers of motor 
neurons compared to sensory neurons were able to send an axon across the 
long nerve gap distance. 
(4) Mixture of laminin and fibronectin 
Woolley et al. (1990) and Bailey et al. (1993) have successfully used the 
combination of fibronectin (500 |i.g/ml in saline) and laminin (500 )ig/ml in 
saline) to enhance the regeneration of myelinated axons across a long nerve 
gap (18 mm) in silicone rubber tubes (1.4 mm I.D., 2.3 mm O.D.) at 6 weeks and 
4 months after implantation, respectively. They also found that a greater number 
of sensory and motor neurons was seen in the fibronectin-laminin group 6 
weeks (Woolley et al., 1990) or 16 weeks (Bailey et al., 1993) after injury and 
repair (1227 ±512 sensory neurons, 307 ± 161 motor neurons in Woolley's 
study; 5332 ± 1472 sensory neurons, 722 ± 204 motor neurons in Bailey's 
study) compared to the control group with the cytochrome C (202 ±182 sensory 
neurons, 32 ± 30 motor neurons in Woolley's study; 1631 ± 755 sensory 
neurons, 53 ± 46 motor neurons in Bailey's study). However, the sensory and 
the motor neuron counts in the regenerated nerves never reached the normal 
level as seen In uninjured nen/es (8809 ± 425 sensory neurons, 2027 ±116 
motor neurons) as reported by Hollowell et al. (1990). 
In general, if regenerated cables can reconstruct themselves in a 
prescribed space when an optimal environment is offered (such as where 
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growth promoting substances are used in fillings in nerve conduits) and the 
nerve defect is minimized (smaller than 10 mm), they can reach a mature stage 
at 12 weeks after nerve transection. No significant changes are seen in the 
morphology of these mature cables at later times (Fields et al., 1989). 
2.4 Supplementary issues associated with nerve regeneration 
Nerves are not homogenous tissues of monotypic cells. Peripheral nerve 
regeneration represents a series of highly specialized processes of healing 
when considered on a cellular level. The techniques of using artificial tubes to 
bridge a severed nerve provide a means for studying these regenerative 
processes under controlled experimental conditions. In Table 2.1, twelve 
representative studies using the tubulization techniques to repair injured nerves 
are selected to show some important issues associated with the nerve 
regeneration. This table includes information concerning the success 
percentages for regeneration in different growth environments, the morphology 
of the regenerated cable, and the maturation patterns and sequences of 
regenerating cells that are observed. 
2.4.1 Success of regeneration 
The successful cable regeneration percentages are dependent on the 
fillings loaded into the lumens prior to the implantation and the lengths of the 
nerve gaps. For example, all the cables regenerated in silicone rubber lumens 
filled with rat amnion membrane matrix crossed a 10 mm gap in 16 days, but 
none were found in the lumens filled with phosphate buffered saline (Danielsen 
et al., 1988). Ohbayashi et al. (1996) also found that all the cables (but no 
Table 2.1: Representative studies showing the success rate, the nnorphological change, and the maturation 
pattern of regenerated cables 
Reference Cuff Gap 
Valentini at al. 
(1987) 
Polyvinylchloride 
acrylic copolytDer 
0.85 mm I.D. 
1.15 mm O.D 
4 mm 
3atou et al. 
(1986) 
Silicone 
Rubber 
1.0 mm I.D. 
1.5 mm O.D. 
5 mm 
Filling' 
4 weeks 
Saline (n = 6) 
Vitrogen® (n = 6) 
Zyderm® (n = 6) 
Malrige®, 10% (n = 6) 
Matrigel®, 20% (n = 6) 
Malrigel®, 50% (n = 6) 
MalrigeKBi, 100% (n ^^6) 
12 weeks 
Saline (n = 6) 
Vitrogen® (n = 6) 
Zyderm® (n = 6) 
Success F^te' 
N/A'" 
Cattle Ooss Sectional Area 
N/A' 
Cable Size/Lumen Size Ratio 
N/A 
N/A 
Matrigel®. 10% (n = 6) 
Matrigel®, 20% (n = 6) 
, 50% (n = 6) 
N/A 
N/A 
12 weeks, midpoint 
0 120 mm' (core) 
0 039 mm' (rim) 
0 mm' (acellular in core) 
0,159 mm' (total) 
Q image) 
N/A 
12 weeks, midpoint 
28 0% 
N/A 
N/A 
0.461 mm' (core) 
0.041 mm' (rim) 
0.349 mm' (acellular in core) 
0.502 mm' (total) 
(1 image) 
_ N/A 
N/A 
88 5% 
N/A 
N/A 
Malrigel®, 100% (n = 6) 
Collagen (n = 36) 
N/A 
N/A 
N/A 
NM 
0.358 mm' (core) 
0 036 mm' (rim) 
0 216 mm' (acellular in core) 
0 394 mm' (total) 
(1 image) 
" N/A 
N/A 
69.4% 
' Vitrogen® is a sterile solution ol purified, pepsin-solubilized bovine collagen 11 is 95 - 98% type I collagen with the remainder being comprised ol type III collagen 
Zydemn® is a highly purified, non-pyrogenic, bovine dermal collagen. It Is composed of more than 90% type I collagen with the remainder being comprised of type I 
Matrigel® contains laminin (7.0 mg/ml), type IV collagen (0.25 mg/ml), and trace amounts of heparin sulfate proteoglycan and enlactin 
Hank's medium is used to dilute the Matrigel® by Valentini et al. (1987) 
' Success rate Is defined by the percentage of cables that cross gaps (axons may or may not be present). 
' N/A = Not available. 
N/A 
collagen 
Table 2.1: Continued 
Reference Cull 
Jenq and 
Coggeshall 
(1986) 
Oanielsen et al. 
(1988) 
Longo et al. 
(1984) 
Silicone 
Rubber 
12 mm I D 
Gap 
8 mm 
8 mm 
Filling 
Transplant 
No transplant 
Success Rale 
8 weeks 
100% (6 of 6) of ttie 
samples with axons 
in the dislal slump 
8 weeks 
67% (6 ol 9) ol the 
samples with axons 
in the dislal slump 
Normal control Normal control N/A 
OhbayashI et al. 
(1996) 
Silicone rubber 
1.8 mm I.D. 
Silicone 
rubtjer 
1.2 mm I.D. 
2 mm 0.0. 
Silicone 
rubber 
1.5 mm I.D. 
10 mm 16 days 
Rat amnion membrane 
matrix (n = 4) 
16 days 
100% (4 ol 4) ol 
cables across the gap 
PBS (n= 11) 
28 days 
Rat amnion membrane 
matrix (n = 4) 
0%(0 oM1)ol 
cables across the gap 
Cable Cross Sectional Area 
8 weeks, midpoint 
0 25 mm' (lotal area, n = 5) 
8 weeks, dislal stump 
0.32 mm' (total area, n = 4) 
8 weeks, midpoint 
0 10 mm' (total area, n = 5) 
8 weeks, distal stump 
0.26 mm' (total area, 
0.39 mm' (total area, n = 5) 
16 days, 3 mm from proximal 
0.56 mm' (core) 
0.16 mm' (rim) 
0 24 mm' (acellular in core) 
0 72 mm' (lotal) 
0.96 mm (total diameter) (n = 3) 
0.15 mm' (core) 
0 08 mm' (rim) 
0 mm' (acellular in core) 
0.23 mm' (total) 
0.52 mm (total diameter) (n = 3) 
Cable Size/Lumen Size Ratio 
8 weeks, midpoint 
22.1% 
8 weeks, distal stump 
28.3% 
8 weeks, midpoint 
8.8% 
8 weeks, distal stump 
23.0% 
N/A 
16 days, 3 mm from proximal 
28.4% 
83% 
28 days 
100% (4 ol 4) ol 
cables across the gap 
28 days, 3 mm from proximal 
0 28 mm' (core) 
0.72 mm (total diameter) (n = 4) 
28 days, 5 mm from proximal 
0.31 mm' (core) 
0.76 mm (total diameter) (n = 4) 
10 mm None 
10 mm 3 weeks 
Collagen (n = 4) 
Collagen and laminin 
(1 mg/ml) (n = 4) 
N/A 
3 weeks 
100% (4 ol 4) 
'l00% (4 ol 4) 
N/A 
N/A 
nTA 
28 days,3 mm from proximal 
16.0% 
28 days, 5 mm from proximal 
17.8% 
N/A 
CO 
N/A 
"N/A" 
Table 2.1: Continued 
Reference Cull Gap Filling 
Williams el al Silicone 10 mm None 
(1983) aibber 
1.2 mm I D. 
2 0 mm O.D. 
Derby et al. 
(1993) 
Silicone rubber 
1.47 mm I.D, 
1.96 mm O.D. 
Polysulloue 
hollow liber 
1.53 mm I.D. 
2.35 mm O.D. 
10 mm or 
15 mm 
10 mm gap 
Silicone rubber 
Cylochrome C 
(3 mg/ml) 
10 mm gap 
Silicone rubber 
Nerve growth factor 
(3 mg/ml) _ 
IS mm gap 
Silicone rubber 
Cytochrome C 
(3 mg/ml) 
Success Rate 
1 week 
100% (8 ol 6) ol the 
samples with fibrin 
bridges in the entire 
length ol the cables 
3 weeks 
100% (6 ol 8) ol the 
samples with 
Schwann cells and 
fibroblasts in the entire 
length ol the cables 
4 weeks 
100% (6 of 6) of the 
samples with blood 
vessels and 
unmyelinated axons 
in the entire length 
01 the cables 
10 mm gap 
Silicone rubber 
2 - 8 weeks 
67% (67 ol 100) 
contain myelinated axons 
10 mm gap 
Silicone rubber 
2 - 8 weeks 
83% (87 ol 105) 
contain myelinated axons 
IS mm gap 
Silicone rubbe; 
5 weeks 
0%(0 ol 15) 
39 - 48 days 
0% (0 of 5) 
73-114 days 
12 5%(1 ol 8) 
180 days 
29% (2 ol 7) 
Cable Cross Seclional Area 
Average areas of the 
1-, 2-, 3-, and 4-week 
nerve structure 
0 26 mm' at 1 mm distal 
to the proximal stump 
0.15 mm' at 3 mm distal 
to the proximal stump 
O il mm' at 5 mm distal 
to the proximal slump 
0 07 mm" at 7 mm distal 
to the proximal stump 
0 10 mm' al 9 mm distal 
to the proximal stump 
Cable Size/Lumen Si^e Ratio 
Average areas of the 
1-, 2-, 3-, and 4-week 
nerve structure 
23 0% at 1 mm distai 
to the proximal stump 
13.3% al 3 mm distai 
to the proximal stump 
9 7% al 5 mm distal 
10 the proximal stump 
6.2% al 7 mm distal 
to the proximal slump 
8 8% at 9 mm distal 
to the proximal slump 
10 mm gap 
Silicone rubber 
2 weeks 
0.32 mm' (cord), 0 06 mm' (rim) 
elongated cross section, major 
_measurement (1 image) 
10 mm gap 
Silicone rubber 
2 weeks 
0 36 mm' (core), 0.10 mm' (rim) 
(1 image) 
IS mm gap 
Silicone rubber 
5 weeks 
N/A 
39 - 48 days 
N/A 
7 3 -114 days 
0 434 mm' (total) 
180 days 
0 364 mm- (lolal) 
10 mm gap 
Silicone rubber 
2 weeks 
22.4% 
10 mm gap 
Silicone rubber 
2 weeks 
27.1% 
15 mm gap 
Silicone rubber 
5 weeks 
N/A 
39 - 48 days 
N/A 
73 -114 days 
256% 
180 days 
21 4% 
Table 2.1: Continued 
Relerence 
Derby el a! 
(1993) 
Madison el al. 
(198B) 
CuH 
Silicone rubber 
1.47 mm I D. 
1.96 mm O.D 
Polysullone 
hollow liber 
1.53 mm I D. 
2.35 mm O.D. 
Silicone rubber 
1.2 mm I D. 
GSR 
10 mm or 
15 mm 
Rling _ 
15 mm gap 
Silicone rubber 
Nerve growth lactor 
(3 mg/ml) 
15 mm gap 
PolysuKone 
Cylochrome C 
(3 mg/ml) 
Nerve growth factor 
(3 mg/ml) 
15 mm or 
20 mm Empty 
Malrigel® 
Vitrogen® 
Success Rale 
5 weeks 
36% (5 Ol 14) 
39 - 48 days 
50% (2 ol 4) 
73-114 days 
40% (2 Ol 5) 
160 days 
36% (4 ol 11) 
15 mm gap 
PolysuKone 
5 weeks 
63% (5 ol 8) 
39 - 48 days 
0%(0ol 4) 
73-114 days 
0% (0 ol 5) 
180 days 
50% (5 ol 10) 
5 weeks 
N/A 
39 - 48 days 
N/A 
7 3 -114 days 
30% (3 ol 10) 
180 days 
63% (5 ol 8) 
4-16 weeks 
0% (0 ol 6) 
50% (3 ol 6) 
67% (4 of 6) 
CaWo Cross Sectional Area 
5 weeks 
0 294 mm' (total) 
39 - 48 days 
0 616 mm' (total) 
7 3 - 1 1 4  d a y s  
0.679 mm' (total) 
180 days 
0.974 mm' (total) 
N/A 
N/A 
4 • 16 weeks, middle regions 
[^ /^  
4 - 1 6  w e e k s ,  7  m m  f r o m  p r o x i m a l  
0.407 mm' (core) 
0.047 mm' (rim) 
0.071 mm' (acellular in core) 
0.454 mm' (total) 
(1 image) 
4 - 1 6  w e e k s ,  1 3  m m  f r o m  p r o x i m a l  
0 062 mm' (core) 
0.134 mm' (rim) 
0 062 mm' (acellular in cote) 
0 196 mm' (total) 
(1 image) 
^^je Size/Lumen Size Ratio 
5 weeks 
17.3% 
39 - 48 days 
36.3% 
73-114 days 
40 0% 
1B0 days 
57.4% 
' N/A 
Ol 
4 - 1 6  w e e k s ,  m i d d l e  r e g i o n s  
NM 
4 - 1 6  w e e k s ,  7  m m  f r o m  p r o x i m a l  
40.1% 
4 - 1 6  w e e k s ,  1 3  m m  f r o m  p r o x i m a l  
17.3% 
Table 2.1: Continued 
Reference Cuff 
Yannas et al 
(1986) 
Silicone rubber 
Bailey el al. 
(1993) 
Silicone rubber 
14 mm I D. 
2.3 mm O.D 
Gap 
15 mm 
18 mm and 
5 mm (for 
Schwann 
cell study) 
Filling 
Collagen-
glycosaminoglycan 
Control without 
Collagen-
glycosaminoglycan _ 
Normal Nerve 
Cytochrome C 
(1 mg/ml) (n = 12) 
Nerve growth factor 
(1 mg/ml) (n = 15) 
Laminin 
(500 M9/ml) (n = 12) 
Fibronectin 
(S00ng/ml)(n = 12) 
Fibronectin and laminin 
(250 ng/ml) (n = 12)_ 
Success Rate 
6 weeks 
60% (3 of 5) 
To%(3oi^" 
WA 
4 months 
58% (7 Ol 12) 
80% (12 01 15) 
^8%(7~ciil2P 
Woolley et al. 
(1990) 
Silicone rubber 
1.4 mm I.D. 
2.3 mm O.D. 
18 mm 
Fibronectin and laminin 
(250 ng/ml) (n = 10) 
Cytochrome C 
(1 mg/ml) (n = 10) 
6 6 % ( 8 o l  1 2 )  
^8% (7 of 12) 
6 weeks 
70% (7 o( 10) 
30% (3 ol 10) 
Cable Cross Sectional Area Cable SizeA-umen Size Ratio 
6 weeks, 11 mm (rom proximal 6 weeks, 11 mm (rom proximal 
0 8 mm' (total) N/A 
0 008 mm' (total) N/A 
1.1 mm' (total) N/A 
4 months, midpoint 
0 179 mm' (core) 
0 059 mm' (rim) (n = 7J 
0.138 mm' (core) 
0 073 mm' (rim) (n = 10) 
0 150 mm' (core) 
0 060 mm' (rim) (n = 7) 
0.170 mm' (core) 
0.067 mm' (rim) (n = 7| 
0.179 mm' (core) 
0 077 mm' (rim) (n = 7) 
6 weeks, distal segment 
0.254 mm' (core) 
0.163 mm' (rim) (n = 7) 
0.160 mm' (core) 
0 105 mm' (rim) (n = 3) 
4 months, midpoint 
1 5 5 %  
1^7% 
i3!6% 
15^ 
"1^6% 
6 weeks, distal segment 
27. t% o> 
17.2% 
Table 2.1: Continued 
Relerence Filling 
Valentini et al. 
(1987) 
4 weeks 
Saline 
Vitrogen® 
Zyderm® 
Malrigel®, 10% 
Malrige®, 20% 
Malrigel®. 50% 
Malrigel®, 100% 
12 weeks 
_ Saline 
_ Vilrogen® 
Zyderm® 
Malrigel®. 10% 
Malrigel®, 20% 
Malrigel®, 50% 
Malrigel®, 100% 
Salou et al. 
(1986) 
Collagen 
Area/Tolal ^ea 
4 weeks 
N/A 
12 weeks, midpoint 
24 S'/^^mjge) 
n/A" 
8.2% (1 image) 
N/A 
" ' _1n/A 
N/A " 
9.J% (1 image) 
N/A' 
Jenqand Transplant 6 weeks, midpoint 
Coggeshall 38% (1 image) 
(1986) 
No transplant 8 weeks, midpoint 
N/A 
Normal control N/A 
Danielsen et al. 16 days 16days, Smmfromproximai 
(1988) Rat amnion 22%(n = 3) 
membrane matrix 
PBS 35% (n = 3) 
28 days 28 days, 3 mm from proximai 
Rat amnion 31%(n = 4) 
membrane matrix 
28 days, 5 mm from proximal 
32% (n = 4) 
Longo et ai. 
(1984) 
None 
Blood Vessels 
4 weeks 
N/A 
Blood Vesse^pensity 
N/A 
Acellular area/Core Area 
4 weeks 
N/A 
12 weeks, midpoint 
Fewer than 20 blood vessels j^l image) 
N/A ' 
Fewer than 20 blood vessels (I imago) 
' WA _ 
" "N/A 
N/A 
Fewer than 20 blood vessels (1 image) 
N/A 
8 weeks, midpolnl 
143 blood vessels (n = 5) 
8 weeks, distal stump 
71 blood vessels (n = 4) 
8 weeks, midpoint 
48 blood vessels (n = 5) 
8 weeks, distai stump 
113 blood vessels (n = 5) 
48 blood vessels (n = 5) 
N/A 
WA 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A^ 
12 weeks, midpoint 
0% (1 image) 
' N/A 
76% (1 image) 
N/A 
N/A 
N/A 
60% (1 Image) 
2 weeks, proximal stump 
substantial acellular area (1 Image 
of a portion ot the cable cross 
section) 
16 days, 3 mm from proximal 
153 blood vessels (n = 3) 
35 blood vessels (n = 3) 
28 days, 3 mm from proximal 
N/A 
28 days, 5 mm from proximai 
N/A 
N/A 
8 weeks, midpoint 
572 blood vessels/mm' (n = 5) 
8 weeks, distal stump 
221 blood vessels/mm' (n = 4) 
8 weeks, midpoint 
479 blood vessels/mm' (n = 5) 
8 weeks, distal stump 
435 blood vessels/mm' (n = 5) _ 
124 blood vessels/mm' (n = 5) 
16 days, 3 mm from proximai 
213 blood vessels/mm' (n = 3) 
152 blood vessels/mm' (n = 3) 
28 days, 3 mm from proximai 
N/A 
28 days, 5 mm from proximai 
N/A 
N/A 
N/A 
N/A 
N/A 
16 days, 3 mm from proximai 
43% (n = 3) 
0% (n = 3) 
28 days, 3 mm from proximai 
90% as a perserved coil of rat 
amnion membrane malrix (1 Image) 
28 days, 5 mm from proximai 
50% as a perserved coil ol rat 
amnion membrane matrix (1 imago; 
estimate lor a portion ol tiie cable 
cross section) 
" N/A 
Table 2.1: Continued 
Reference Filling Rim Area/Total Area 
Ohbayashl et a! Collagen N/A 
(1996) Collagen and lamlnin N/A 
Williams et al. None 1 week, 1 mm distal 
(1983) to llie proximal stump 
0% (1 image) 
Derby el al. 
(1993) 
10 mm gap 
Silicone rubber 
Cytochrome C 
Nerve growth lactor 
15 mm gap 
Silicone rubber 
Cytochrome C 
10 mm gap, midpoint 
Silicone rubber 
2 weeks 
16% (1 image) 
22% (1 Image) _ 
IS mm gap, midpoint 
Silicone rubber 
5 weeks 
N/A 
Nerve growth lactor 24% (1 image) 
Madison et al. 
(1988) Empty 
Laminin-containing gel 
Collagen gel 
4 - 1 6  w e e k s ,  m i d d l e  r e g i o n s  
N/A 
4 - 1 6  w e e k s  
7 mm from proximal 
10 4% (1 image) 
13 mm from proximal 
68.4% (1 image) 
Yannas et al. 
(1986) Collagen-
glycosaminoglycan 
6 weeks, 11 mm from proximal 
38% 
Control without 
Collagen-
glycosaminoglycan 
Normal Nerve 
100% (totally "perineural") 
N/A 
Bailey et al. 
(1993) Cytochrome C 
Nerve growth (actor 
4 months, midpoint 
25% (n = 7) 
35% (n = 10) 
Lamlnin 
Fibronectin 
29% (n = 7) 
28% (n = 7) 
Fibronectin and lamlnin 30% (n = 7) 
Woolley et al. 
(1990) 
Fibronectin and lamlnin 
6 weeks, 12 to 18 mm from 
proximal (distal segment) 
39% (n = 7) 
Cytochrome C 39% (n = 7) 
Blood Vessels 
N/A 
WA 
N/A 
10 mm gap 
Silicone rubber 
Blood Vessel Densily 
" N/A 
f^A ' 
10 mm gap 
Silicone rubber 
Acellular area/Core Area 
N/A 
N/A 
1 week, 1 mm distal 
to the proximal stump 
- 95% (1 image; mostly fibrin with 
some red blood cells but no 
(ibroblasis) 
10 mm gap 
Silicone rubber 
N/A 
N/A 
15 mm gap 
Silicone rubber 
_ N/A 
""" N/A 
15 mm gap 
Silicone rubt>er 
N/A 
N/A 
IS mm gap 
Silicone rubtrar 
N/A 
N/A 
NW 
"HIA 
N/A 
N/A 
4  - 1 6  w e e k s ,  m i d d l e  r e g i o n s  
N/A 
4 - 1 6  w e e k s  
7 mm from proximal 
N/A 
13 mm from proximal 
N/A 
6 weeks, 11 mm from proximal 
0.008 mm' (area vascularized) 
4  - 1 6  w e e k s ,  m i d d l e  r e g i o n s  
NM 
4 - 1 6  w e e k s  
7 mm from proximal 
HIA 
13 mm from proximal 
N/A 
6 weeks, 11 mm from proximal 
N/A 
4 -16 weeks, middle regions 
NM 
4 - 1 6  w e e k s  
7 mm from proximal 
17% (1 image) 
13 mm from proximal 
100% (1 Image) 
N/A 
00 
0 mm' (area vascularized) 0 blood vessels/mm' N/A 
0 011 mm' (area vascularized) 
4 months, midpoint 
0.006 mm' (area vascularized, n = 7J 
0.003 mm' (area vascularized, n = 10) 
0.003 mm' (area vascularized, n = 7X_ 
0.004 mm' (area vascularized, n = 7J 
0 007 mm' (area vascularized, n = 7) 
N/A 
N/A" 
N/A 
N/A 
N/A 
N/A" 
N^ 
N/A 
M'A 
N/A 
N/A' 
N/A' 
"N/A" 
N/A 
6 weeks, 12 to 18 mm from 
proximal (distal segment) 
50% (1 image) 
Table 2.1: Continued 
Reference Filling Axons Axonal Density Sctiwann Colls Finding 
Valentin! et al. 4 weeks 4 weeks, midpoint 4 weeks, midpoint Acellular gel remnants are observed at 12 
(1987) Saline 1413 myelinated axons (n = 6) WA N/A weeks in the lumens tilled with the Vitrogen®, 
Vltrogen® 500 myelinated axons (n = 6) N/A N/A the Zyderm®, and the Matrlgel®. The amount 
Zyderm® 900 myelinated axons (n = 6) N/A N/A of gel remaining is a function of its initial 
Matrlgel®. 10% 1100 myelinated axons (n = 6) N/A N/A concentration. The acellular gel substrate may 
MatrigeKB, 20% 1200 myelinated axons (n = 6) N/A N/A impair the regeneration process by physically 
Matrigel®. 50% 500 myelinated axons (n = 6) N/A N/A impeding the diffusion of critical molecules, the 
Matrlgel®, 100% 1500 myelinated axons (n = 6) fvJ/A N/A migration of cells, or the elongation of axons 
12 weeks 12 weeks, midpoint 12 weeks, midpoint 
Saline 3002 myelinated axons (n = 6) 18868 myelinated axons/mm' (1 image) N/A 
Vitrogen® 2500 myelinated axons (n = 6) N/A N/A 
Zyderm® 1600 myelinated axons (n = 6) 3187 myelinated axons/mm' (1 image) N/A 
MatrigeK®, 10% 2700 myelinated axons (n = 6) N/A N/A 
Matrlgel®, 20% 2100 myelinated axons (n = 6) N/A N/A 
Matrigel®, 50% 2200 myelinated axons (n = 6) N/A N/A 
Matrigel®, 100% 2300 myelinated axons (n = 6) 5838 myelinated axons/mm' (1 image) N/A 
Satou et al. Collagen N/A N/A N/A The collagen gel loaded In the nerve cuff can 
(1986) help to eliminate disorderly prolileration of 
Schwann cells and fibroblasts. 
Jenq and Transplant 8 weeks, midpoint 8 weeks, midpoint N/A Positive effects of an autologous transplant on 
Coggesliall 8500 myelinated (n = 5) 34000 myelinated axons/mm' (n = 5) patterns of regeneration in rat sciatic nerve are 
(1986) 15000 unmyelinated (n = 5) 
8 weeks, distal slump 
9000 myelinated (n = 4) 
14000 unmyelinated (n = 4) 
60000 unmyelinated axons/mm' (n = 5) 
8 weeks, distal stump 
28125 myelinated axons/mm' (n = 4) 
43750 unmyelinated axons/mm' (n = 4) 
seen These effects include a high percentage 
of successful regenerations, a well-organized 
nerve structure, and approximately equal 
numbers ot axons of myelinated and 
No transplant 8 weeks, midpoint 
4500 myelinated (n = 5) 
10500 unmyelinated (n = 5) 
8 weeks, distal stump 
7000 myelinated (n = 5) 
7500 unmyelinated (n = 5) 
8 weeks, midpoint 
45000 myelinated axons/mm' (n = 5) 
105000 unmyelinated axons/mm' (n = 5) 
8 weeks, distal slump 
26923 myelinated axons/mm' (n = 5) 
28846 unmyelinated axons/mm' (n = 5) 
N/A unmyelinated axons in the gap and distal 
stump. 
Normal control 8000 myelinated 
15000 unmyelinated 
20513 myelinated axons/mm' 
38462 unmyelinated axons/mm' 
N/A 
Danlelsen et al. 16 days 16 days, 3 mm from proximal 16 days, 3 mm from proximal The rat amnion membrane matrix can serve as 
(1988) Rat amnion 
membrane matrix 
N/A N/A N/A a neurile-promoting substratum lor cultured 
peripheral and central neurons and also as a 
PBS N/A N/A N/A bridge in a silicone chamber model tor the 
28 days 28 days, 3 mm from proximal 28 days, 3 mm from proximal N/A regeneration ol sciatic nerve in the adult rat. 
Rat amnion N/A N/A 
membrane matrix 28 days, S mm from proximal 
2045 myelinated axons (n = 4) 
28 days, 5 mm from proximal 
7975 myelinated axons/mm' (n = 4) 
Table 2.1: Continued 
Reference 
Longo et al. 
(1984) 
Filling 
None 
Axons 
N/A 
OhbayashI et al. 
(1996) 
Williams et al. 
(1983) 
None (control) N/A 
Collagen sponge 
Collagen sponge 
dipped In lamlnin (n = 4) 
None 
1 week (n = 8) 
2 weeks (n = 8) 
3 weeks (n = 8) 
4 weeks (n = 6) 
N/A 
Tj/A 
Derby et al. Cytochrome C 
(1993) 
At 1 week, nonmyelinated 
axons 0.5 mm into gap 
At 2 weeks, nonmyelinated 
axons 3 mm Into gap: myelinated 
axons 0.5 mm into gap 
Al 3 weeks, nonmyelinated 
axons 9 mm Into gap; myelinated 
axons 3 mm into gap 
At 4 weeks, nonmyelinated 
axons 10 mm into gap; myelinated 
axons 7 mm into gap 
10 mm gap, silicone rubber 
3 weeks 
644 myelinated axons (n = 10) 
4 weeks 
5160 myelinated axons (n = 14) 
8 weeks 
9481 myelinated axons (n = 7) 
1S mm gap, silicone rubber 
5 weeks 
N/ A  (n = Oof 15) 
39 - 48 days 
N/A (n = 0 of 5) 
73-114 days 
10976 myelinated axons (n = 1 o( 8) 
180 days 
8700 myelinated axons (n = 2 of 7) 
Witfiin 14 days after nerve transection Ihe 
regenerating structure within a silicone rubber 
chamber consists primarily of a fibrin matrix 
which is composed of fibroneclin and laminin 
Collagen matrix can assist the progress of 
regenerated tissues in silicone rubber tubes, 
and laminin-containlng protheses can 
enhance peripheral nerve regeneration. 
Spatial-temporal progress of peripheral nerve 
regeneration across a 10-mm gap within a 
silicone rubber chamber is examined. 
Nerve growth factor can enhance the initial 
outgrowth of nonneural cells and neural fibers 
into Ihe nerve guide producing more cellular, 
organized regenerated nerves as seen al 2 
and 3 weeks, liowever, for 4 and 8 week 
implantations the total number of myelinated 
libers is the same for both controls and nerve 
growth factor-treated cases at cable midpoints 
In addition, regeneration success rate in 
15-mm semipermeable tubes is greater than 
that In t5-mm silicone rubber tubes (nerve 
growth factor and cytochrome C cases). 
However, regenerated nerves in silicone 
rubber tubes possess more myelinated fibers 
than those in semipermeable chambers. 
Table 2.1: Continued 
Relerence Filling Axons _ 
Derby el al. Cytochrome C 15 mm gap, polysultone 
(1993) S weeks 
1430 myelinaled axons (n = 5 ol 8) 
39 - 48 days 
N;A (n = 0 ol 4) 
73-114 days 
N/A (n = 0 ol 5) 
180 days 
4204 myelinaled axons (n = 5 ol 10) 
Nerve growth laclor 10 mm gap, silicone rubber 
3 weeks 
2286 myelinated axons (n = 17) 
4 weeks 
4532 myelinated axons (n = 18) 
8 weeks 
8715 myelinated axons (n = 7) 
15 mm gap, silicone rubber 
5 weeks 
4346 myelinated axons (n = 5 ol 14) 
39 - 46 days 
3512 myelinated axons (n = 2 ol 4) 
7 3 - 1 1 4  d a y s  
6419 myelinated axons (n = 2 ol 5) 
180 days 
9282 myelinated axons (n = 4 oM I) 
15 mm gap, polysultone 
39 - 48 days 
N/A 
7 3 -114 days 
2450 myelinaled axons (n = 3 ol 10) 
180 days 
4275 myelinaled axons (n = 5 ol 8) 
Axonal Density Schwann Cells Finding 
N/A N/A as discussed In the preceding page 
N/A N/A 
Table 2.1: Continued 
Reference Filling Axons Axoiial Density 
Madison el al. Empty N/A N/A 
(1988) (n = 5) 
MatrigoKS) N/A N/A (" = 6) 
Vilrogen® N/A N/A 
(n = 6) 
Yannas et al. 
(1986) 
Bailey el al 
(1993) 
Porous collagen-
glycosaminoglycan 
Control without 
Collagen-
glycosaminoglycan 
Normal Nerve 
Cytochrome C 
6 weeks, 11 mm from proximal 6 weeks, 11 mm from proximal 
3360 myelinated axons (n = 3 ol 5) 4200 myelinated axons/mm' (n = 3 ol 5) 
7950 unmyelinated axons (n = 3 o1 S) 9938 unmyelinated axons/mm' (n = 3 ol 5) 
< 2 myelinated axons (n = 3 ol 5) 250 myelinated axons/mm' (n = 3 ol 5) 
< 4 unmyelinated axons (n = 3 ol 5) 500 unmyelinated axons/mm' (n = 3 ol 5) 
5400 myelinated axons 
_ 600 unmyelinated axons 
4 months. In gap at 10 mm 
from proximal end 
2193 myelinated axons (n = 7) 
Nerve growth factor 1685 myelinated axons (n = 12) 
Laminin 1589 myelinated axons (n = 7) 
Fibronectin 
4909 myelinated axons/mm' (n = 1) 
545 unmyelinated axons/mm' (n = 1J 
4 months, In gap at 10 mm 
from proximal end 
9214 myelinated axons/mm' (n = 7) 
2595 myelinated axons (n = 7) 
7986 myelinated axons/mm' (n = 12) 
7567 myelinated axons/mm' (n = 7) 
10949 myelinated axons/mm' (n = 7) 
Fibronectin and laminin 4520 myelinated axons (n = 7) 17656 myelinated axons/mm' (n = 7) 
Woolley et al. 
(1990) Fibronectin and laminin 
Cytochrome C 
6 weeks, distal segment 
1325 myelinated axons 
(n = 10) 
153 myelinated axons 
(n = 10) 
6 weeks, distal segment 
3177 myelinated axons/mm' 
(based on area (or n = 7) 
577 myelinated axons/mm' 
(based on area lor n = 3) 
Sch^nn Cells Finding 
N/A Retrograde labeling studies are carried out to 
prove that some ol the axons present in the 
N/A regenerated nerve cables arose Irom primary 
motor and sensory neurons, oven though large 
N/A acellular regions are seen in the core areas ol 
the nerve cables More motor compared to 
sensory neurons cross gaps (only when 
additives are present). 
N/A A collagen-glycosaminoglycan bridge can 
induce regeneration ol rat sciatic nerve over 
the unprecedented distance ol 15 mm. 
N/A 
10 days, proximal The group ol animals that have implants 
and distal segments containing the synergistic combination ol 
0.68 mm' (area, n = 8) libronectin and laminin have increased 
myelinated axons in the regenerated segment 
0 83 mm' (area, n = 7) within the nerve guide and in the distal sciatic 
tributary nerves. In addition, a greater Inllux ol 
1 33 mm' (area, n = 3) Schwann cells migrates into the regenerating 
segments in the libronectin, the laminin, and 
1.31 mm' (area, n = 3) the combination ol libronectin and laminin 
groups compared to the cytochrome C group 
1 37 mm' (area, n ^ 4) Myelinated motor and sensory axonal counts 
distal to Injury are similar and are enhanced 
by combination ol fibronectin and laminin 
compared with ellect ol other lillings. 
A more mature cellular structure, a greater 
N/A number ol regenerated axons, and a larger 
area ol the regenerated segment are seen In 
N/A the animals Irom the libroneclln-laminin group 
as compared to those Irom the cytochrome C 
group Fibronectin-laminin combination 
enhances regeneration into both motor and 
sensory distal tributary nerves compared to 
control 
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axons) successfully regenerated across 10-mm gaps by 3 weeks when the 
silicone rubber tubes were filled with collagen or with a mixture of collagen and 
laminin. Madison et al. (1988) found a higher percentage of successful 
regeneration of cables crossing a 20 mm gap in silicone rubber tubes filled with 
laminin-containing gel (50%) and with collagen gel (67%) compared to empty 
tubes (0%) after 4-16 weeks of implantation. Woolley et al. (1990) found that 
70% (7 of 10) of the animals showed successful cable regeneration across 18-
mm gaps in silicone rubber lumens prefilled with a combination of laminin and 
fibronectin, compared to only 30% (3 of 10) in the lumens filled with cytochrome 
C at 6 weeks after nerve transection. Similar results were reported by Derby et 
al. (1993) in that the cable regeneration success percentage in the silicone 
rubber tubes filled with nerve growth factor was greater than that seen in 
lumens filled with cytochrome C (87% compared with 67%, respectively). Also, 
Bailey et al. (1993) reported successful bridging of the dissected nerve stumps 
across 18-mm gaps in 4 months using silicone rubber tubes filled with 
cytochrome C (58%), nerve growth factor (80%), laminin (58%), fibronectin 
(66%), and a mixture of laminin and fibronectin (58%). In the study of Yannas et 
al. (1986), the same cable regeneration percentages (60%) were seen in the 
silicone rubber lumens filled with collagen glycosaminoglycan and in empty 
tubes. However, regenerates in the collagen-filled lumens had cross sectional 
areas 100 times larger than those cables that had bridged the empty tubes. 
Similar ranges of successful percentages were reported in the studies repairing 
short gaps, such as the work by Jenq and Coggeshall (1986) in which all the 
regenerated cables (6 of 6) using transplant fillings were found to cross 8-mm 
gaps inside silicone rubber tubes by 8 weeks after implantation compared with 
67% (6 of 9) where no fillings were used. In the work of Williams et al. (1983), 
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unmyelinated axons were seen in cables that regenerated across 10 mm gaps 
inside empty silicone rubber tubes after 4 weeks implantation (100%, 6 of 6). 
2.4.2 Cross sectional area of the regenerated nerve cable 
In the studies of Williams et al. (1983) (unfilled tubes, 10 mm gap), 
Aebisher et al. (1988) (unfilled tubes, 4 mm gap), and Madison et al. (1988) 
(tubes filled with a laminin-containing gel or with a collagen gel, 15 or 20 mm 
gaps), relatively narrow middle segments were evident in regenerated cables 
compared with the associated proximal or distal segments, regardless of the 
stages of regeneration (Williams et al. (1983): 1, 3, and 4 weeks; Aebischer et 
al. (1988): 4 and 8 weeks; Madison et al. (1988): 4 to 16 weeks). One reason for 
this tapering is because the number of cellular components regenerating across 
the injury site are fewer than those making up the proximal and distal stumps of 
the regenerating cable. Also, Lundborg et al. (1981) suggest that the central 
tapering may be due to longitudinal stress lines in the center of nerve guides, 
and that the central connective tissue matrix forms the most easily penetrable 
pathway with good adhesiveness for the regenerating axonal sprouts. The 
replacement by cells of the regenerated cable is usually accompanied by a 
reduction in the overall diameter of the structure. This reduction in cable 
diameter appears to reflect a compaction of the regenerating cells or a 
condensation of the matrix material in the nerve cable. Danielsen et al. (1988) 
reported that size reduction was seen in regenerated cables at 28 days after 
surgery (primarily due to resorption of rat amnion membrane matrix; but also of 
the rim and core areas). These results suggest that a less mature cable may 
have a larger cross sectional area compared to a mature cable, depending on 
the stage and pattern of development. The developments in the middle portions 
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of regenerated cables usually lag behind the proximal and distal stumps. 
Therefore, the cross sectional area that is commonly used as one means to 
assess the recovery of regenerated nerve cables requires careful specification. 
The cross sectional profiles of regenerated cables in nerve conduits have been 
found to be rounder than normal nerves. The round shape of the regenerated 
cable may be not imposed by the wall of the nerve conduit since the cable floats 
free in the conduit in a liquid (Jenq and Coggeshall, 1986). In Table 2.1, few 
regenerated cables were reported occupying more than 50% of the cross 
sectional areas of their encasing lumens, such as the cables regenerated in the 
lumens filled with the Zyderm® (88.5%) and the cables seen in the Matrigel®-
filled lumens (69.4%) after 12 weeks in the study of Valentini et al. (1987). Also, 
Derby et al. (1993) found that 57.4% of the cross sectional areas of the lumens, 
which were loaded with nerve growth factor, were infiltrated by regenerating 
cables by 180 days of implantation. 
2.4.3 Ratio of the rim area to the total area 
In an early stage of development of a regenerating nerve (usually within 
1 week after surgery), a very thin rim (~1.5 |im thickness) is seen (Williams et al., 
1983). The thickness of the rim increases with the progress of maturity in the 
regenerating nerve. The ratios of the rim areas to the total areas of the cables in 
regenerated nerves have been reported by several investigators, such as Jenq 
and Coggeshall (38%, midpoint, 8 weeks regeneration, 1986), Yannas et al. (38 
-100% (some cables were comprised completely of "perineural" tissue, 73% of 
distance into gap from proximal side, 6 weeks of regeneration, 1986), Valentini 
et al. (8.2 - 24.5%, midpoint, 12 weeks regeneration, 1987), Danielsen et al. (22 
- 35%, 30% of distance into gap from proximal side, 16-28 days regeneration. 
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1988), Woolley et al. (39%, distal side in gap, 6 weeks regeneration, 1990), 
Bailey et al. (25 - 35%, midpoint, 4 months regeneration, 1993), and Derby et al. 
(16 - 24%, midpoint, 2-5 weeks of regeneration, 1993). Compared to these 
regenerated nerve cables, the normal controls had smaller ratios (15%) of the 
epineurial and the perineurial structures in the cables (Jenq and Coggeshall, 
1986). 
2.4.4 Acellular zone in the regenerated nerve cable 
Endoneurial regions containing acellular material are commonly seen in 
the nerve cables regenerated in chambers prefilied with extracellular matrices 
such as collagen gel used by Satou et al. (1986), laminin gel or collagen used 
by Valentini et al. (1987), and cytochrome C used by Woolley et al. (1990). The 
acellular material usually occurs as a mostly acellular region occupying the 
center of the core of a regenerated cable. The ratio of acellular core regions to 
total core area has been reported by Valentini et al. (60 - 76%, 1987), by Satou 
et al. (a substantial amount in one image, 1986), by Madison et al. (17 - 100%, 
1988), and by Woolley et al. (50%, 1990). This acellular material is probably 
due to remnants of the initial additive within the nerve guide (Valentini et al., 
1987; Madison et al., 1988). 
The degration times for the acellular material in the animal body are 
variable. In the study of Valentini et al. (1987), only isolated remnants of 10 and 
20% laminin-containing gel (diluting the original liquid form [laminin, collagen, 
entactin, and heparan sulfate proteoglycan 80 or 90%] by volumetric addition of 
Hank's medium [NaCI, KCI, glucose, KH2PO4, Na2P04, and phenol red] at 4°C 
prior to gellation) were observed in the regenerated cables (regenerated in a 
polyvinylchloride acrylic copolymer with 0.85 mm I.D., 4 mm gap length) after 12 
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weeks of implantation. However, if the nerve cuffs were filled with 50 and 100% 
laminin-containing gel, large areas of acellular material still persisted 12 weeks 
after implantation. These results indicate that the initial concentrations and the 
specific components used in the additives filling the gap regions in the nerve 
guide at the time of implantation are two important factors that determine the 
amount of acellular material remaining in the regenerated nerve cable. 
The acellular material may impair regeneration of neural components. 
For example, Valentini et al. (1987) found that neither collagen nor laminin 
containing gels yielded as many myelinated axons as saline-filled cuffs at 12 
weeks after implantation. They indicated that the physical presence of the 
remaining gels may impede the migration of cells or the elongation of axons, 
even if the gels contain growth promoting substances. However, successful 
nerve regeneration could still be seen in the cables for cross sections 
containing a substantial fraction of acellular material. For example, in the study 
of Madison et al. (1988), they found acellular material occupying 17% of the 
core area at the central location of the regenerated nerve cables (regenerated 
in a silicone rubber tube with 1.2 mm I.D., 15-20 mm for the gap length). The 
acellular cores could be composed of the remains of the collagen gel and the 
laminin-containing gel that were initially added to the lumens of silicone rubber 
nerve guides. Even in this case, however, horseradish peroxidase labeling 
demonstrated that sensory (average number of 68, n = 7) and motor neurons 
(average number of 263, n = 7) had regenerated across the 20-mm gap into the 
distal stump. By contrast, none of the animals that received empty nerve guide 
implantation displayed a tissue cable connecting proximal and distal nerve 
stumps. 
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In summary, it is important to select the optimal concentrations of an 
appropriate growth substrate in the extracellular matrices which can be rapidly 
resorbed by the animal body. This could exert a positive influence on the 
regeneration process, yielding cables with less acellular material. This may 
provide a better growth environment with fewer barriers affecting the infiltration 
of gels by the processes of the neural components. For example, in the studies 
of Woolley et al. (1990) and Bailey et al. (1993) using liquid fillings, a mixture of 
fibronectin-laminin mixture dissolved in saline at a concentration of 500 |ig/ml 
fibronectin and 500 jig/ml laminin was used. Acellular material was not seen in 
the core after 6 weeks regeneration. By contrast, a high density of myelinated 
axons was present in the central regions of the regenerated cable. From these 
studies, it is seen that the growth substances in a liquid form (dissolved in saline 
or in phosphate buffered saline) can be used to prevent the fonnation of the 
acellular material in regenerated cable. However, if growth substrates in gel-
form are used, a diluted gel with a concentration lower than 20% of its orglnal 
fomn is suggested to be used in order to decrease the fraction of acellular 
material remaining within the core of the cable to negligible levels after several 
weeks of implantation. 
2.4.5 Maturation steps of the regenerating cable 
The first regenerating cells (Schwann cells, fibroblasts, blood cells) 
migrate into the fibrin matrix from both the proximal and the distal stumps. Thus, 
it can be expected that a more mature structure could be seen in the proximal 
and the distal portions of the cable than the midpoint at an early stage of 
regeneration. In the study of Williams et al. (1983), such proximal or distal-to-
middle development of regenerated cables was seen. After 2 weeks of 
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regeneration, myelinated axons and regeneration units containing 
unmyelinated axons were observed in the proximal sections of the regenerated 
nen/e cable. Meanwhile, Schwann cell columns were observed in the distal 
sections of the nerve. However, these cellular features were not always 
observed in the middle sections where the fibrin matrix material was still 
undergoing changes, indicating that the middle sections were less developed 
compared to the proximal and the distal sections. 
Peripheral-to-central cable development is another maturation pattern 
seen in the regenerated nerve cables. For example, in the study of Madison et 
al. (1988), collagen gels and gels containing laminin filled the silicone rubber 
tubes in order to promote regenerated nen/e cables across a long 20-mm gap. 
After 4-16 weeks of implantation, regenerated cells were found in the areas 
between the periphery of the cable and the central core, in pattems of 
occurrence indicating that the first cells initially grew along the surface of the 
fibrin cables and then extended deeper towards the center of the cable. Similar 
maturation steps of the regenerating cable were also observed by Williams et 
al. (1983). They found that the first regenerating cells migrated into the fibrin 
matrix in peripheral regions. Later, cells were seen to occupy both peripheral 
and central locations by 2 weeks after cuff implantation. 
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3. MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Silicone rubber 
Silastic® Medical-Grade Tubing and Silastic® Medical Adhesive 
Silicone Rubber Type A (Dow Corning Corp., Midland, Ml) were used in 
assembling the 7-lumen tubing. The Silastic® Medical-Grade Tubing is made of 
the heat vulcanizing silicone rubber. It consists of dimethyl and methylvinyl 
siloxane copolymers and reinforcing silica. Silastic® Medical-Grade Tubing is 
unaffected by most water-soluble materials. It is also relatively unaffected by 
weak acids and bases, or strong bases and acids at room temperature. The 
advantages of the tubing include minimal body tissue reaction, soft pliability, 
long shelf life, a nonwetting surface, and its nonadherence to tissue. 
Silastic® Medical Adhesive Silicone Type A is a one-component RTV 
silicone rubber. It is an easily applied, translucent, nonflowing, soft silicone 
paste for bonding silicone elastomer to itself and to other synthetics and metals. 
It contains no solvents or plasticizers and cures at room temperature on 
exposure to air moisture. Acetic acid vapor is given off during this cure. 
Following curing, it has the same chemical composition as medical-grade 
silicone rubber elastomers. 
Since the main objective of this research is to test the influence of 
different extracellular proteins, which are placed in the lumens of the multiple-
lumen cuff, on the regenerative process, all other factors, such as permeability 
of material, surface morphology, and electrical properties which influence 
regeneration, are eliminated by using silicone rubber as the cuff material. By 
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choosing silicone rubber and by incorportating a multiple-lunnen design, it is 
possible to study the effects of just cuff geometry and cuff filling on cable 
regeneration. 
3.1.2 Extracellular substances 
It has been suggested that the lumens of tubes for cable regeneration 
should contain special extracellular substances which will promote axonal 
growth, such as nerve growth factor, laminin, fibronectin, and dialyzed plasma 
(Williams et al., 1983; Bailey et al., 1993; Derby et al., 1993). However, liquid 
substances may lose effectiveness within a short period because of diffusion 
losses through gaps between the stumps and the tubing walls (Kosaka, 1990). 
To overcome this disadvantage, purified collagen gels and collagen gels 
containing laminin and fibronectin which would stay in the lumen because of 
their viscous property were used in the present study. The concentrations of the 
laminin and fibronectin used in the current study were selected primarily on the 
basis of the research (using just laminin and fibronectin) by Woolley et al. 
(1990). This is the first group to successfully use the combination of laminin and 
fibronectin to enhance the regeneration of myelinated axons (70% success 
percentage) across a long rat nerve gap (18 mm gap) in a short period (6 
weeks). 
3.1.3 Stains for neural tissue 
3.1.3.1 Silver stain The basis of the silver stains used in studies of 
the nervous system is that the neurofilament proteins in the normal axons have 
a strong and specific affinity for the silver salts. The roles of the free silver ions 
and albumin carrier in the staining process remain unknown; however, a 
62 
specific amino acid sequence in the neurofilament proteins may act as a 
detemiinant of binding the neurofilament proteins with the silver (Phillips et al., 
1983). Even though the exact reactions responsible for the selective affinity of 
silver for neurofilament proteins remain to be discovered, the details of the 
chemical reactions that occur during the silver staining are well known. 
Most of the silver staining methods employ a soluble salt of silver, such 
as the protargol used in the present research, as the means of selectively 
impregnating nerve fibers. Tissue is allowed to remain in the impregnating 
solution a suitable length of time and the silver is then reduced by pyrogallol, 
hydroquinone or some other reducing agent (Wolman, 1955). In some methods, 
including the Bodian's method used in the current study, the reduced silver in 
the tissue is replaced by gold to intensify the contrast between the more strongly 
stained areas and the less intensely impregnated sites (gold toning). Finally, the 
residual silver salts are removed by immersing the nerve sections in aqueous 
sodium thiosulphate. This final treatment can enhance the differentiation of the 
neural elements by reducing the unwanted argyrophilia of the background. 
Although silver stains are regarded as histochemically specific for 
neurofilaments (Kok and Boon, 1992), nuclei of cells can also be stained by the 
silver (Kieman, 1990). In tissue fixed with glutaraldehyde if the tissue is oxidized 
with periodic acid (PA) before staining with metallic silver, specific staining can 
be achieved: however, when PA oxidation is not performed before staining, 
nonspecific silver deposition occurs. Thus, for such tissue, reaction sites (i.e., 
associated with the reductive activity of aldehyde radicals) are present on a 
variety of structures, such as chromosomes, nucleoli, ribosomes, collagen 
fibers, red blood cells, most cell granules, and so on (pp. 319 and 325 in Hayat, 
1993). In the current study, the Bodian's silver method is used. This utilizes a 
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silver proteinate compound whicli gives an extremely fine reaction product that 
is usually free of non-specific precipitates. It is generally considered to be a 
highly specific staining method (pp. 334 in Hayat, 1993). Also, it has been found 
that immature axons or fine cell elements (such as in cell cultures of embryos) 
with few neurofilament proteins could not be stained by the silver (Katz and 
Watson, 1985). 
3.1.3.2 Toluidine blue stain Toluidine blue is usually the zinc 
chloride double salt of aminodimethylaminotoluphenazthionium chloride, 
CisHieNaSCI + ZnCIa (Conn, 1961). Toluidine blue has a high affinity for the 
carboxylic groups of proteins in nerve tissue. It has been widely employed in 
stains for myelin sheaths (Rosen et al., 1989; Bonner and Armati, 1991; Amilio 
et al., 1995; Aldini, et al., 1996; Lundborg and Kanje, 1996). In those reports, the 
myelin sheaths of myelinated fibers are stained dark blue by the toluidine blue. 
The axons appear lightly stained within dark blue myelin rings. 
3.2 Methods 
3.2.1 Design and development of the multiple-lumen nerve cuff 
Two medical grade silicone rubber tubes constituted the components of 
the experimental multiple-lumen nerve cuffs. The multiple-lumen tube assembly 
was placed coaxially inside a single larger diameter Silastic® tube (Dow 
Corning Corp., Midland, Ml). The inner diameter of the larger single tube was 
1.98 mm and the outer diameter was 3.18 mm with a wall thickness of 0.6 mm. 
The 7-lumen silicone rubber tube assembly consisted of seven small 
silicone rubber tubes (each tube 0.508 mm I.D., 0.9398 mm O.D., Dow Coming 
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Corp., Midland, Ml) which were arranged by placing six of them in a circle 
around a central tube. These tubes were glued longitudinally with Silastic® 
Medical Adhesive Type A (Dow Coming Corp., Midland, Ml). The 7-lumen 
assembly was then left at room temperature for 24 hours for the complete cure 
of the adhesive. The cross-section of the 7-lumen assembly was examined 
using an optical microscope to ensure the contact region between the seven 
tube surfaces was sealed with adhesive. A polyethylene tubing (Intramedic®, 
2.92 mm I.D., 3.73 mm O.D., Clay Adams, Parsippany, NJ) was used as a mold 
to control the exterior shape of the 7-lumen assembly. First, using a syringe, a 
small amount of Silastic® Medical Adhesive Type A was injected into the 
polyethylene tubing. One end of the polyethylene tubing was then blocked with 
a separate silicone plug (diameter 2.92 mm). To avoid penetration of the 
Silastic® Medical Adhesive Type A into the seven lumens, both ends of the 7-
lumen assembly were sealed with Silastic® Medical Adhesive Type A. The 7-
lumen assembly was then pushed along the wall of the polyethylene tubing 
through the opening without the silicone plug and into the uncured silicone 
rubber paste. It took 4 days for the complete cure of the Silastic® Medical 
Adhesive Type A. Following the cure, the resultant 7-lumen assembly was 
pushed from the polyethylene tubing using a metallic rod. Both sealed ends of 
the resultant 7-lumen tube assembly were carefully opened and the assembly 
was cut into 15 mm long sections using a new industrial razor blade. Both ends 
of only the center tube in the 7-lumen assembly were then blocked with a small 
amount of Silastic® Medical Adhesive Type A to get a resultant symmetric 6-
lumen device. It took another day to allow the complete cure of the Silastic® 
Medical Adhesive Type A on the center tube. Cross sections from the cuff 
assembly were examined using an optical microscope to ensure that the 
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diameters of the holes were uniform and that the holes remained open 
throughout the length of the tube. Six paint spots (Acrylic enamel, DecoArt, 
Stanford, KY), each with a different color (red, purple, yellow, orange, green, 
blue), were then placed on the outer surface of one end of the six surrounding 
lumens. The marked ends were considered as the proximal ends of the cuff 
assembly. The color coding, viewed from the distal end and looking toward the 
proximal end, is red, purple, yellow, orange, green, and blue (clockwise). A 
cross sectional view of the cuff assembly from the distal end looking toward the 
proximal end is shown in Figure 3.1. 
The multiple-lumen nerve cuff was then made by fitting the cuff assembly 
into the larger diameter single silicone rubber tube. The outer larger diameter 
single silicone tube was first cleaned by immersing it in 7.5% boiling sodium 
bicarbonate solution (7.5 g sodium bicarbonate per 100 ml distilled water) for 1 
minute. Then the tube was rinsed thoroughly with clean distilled water in a 
beaker for 5 seconds and air dried. For the purposes of the present study, a 21 
mm length of tubing was chosen for the overall cuff length. Using the same 
prcedures as used for the outer single silicone tube, the cuff assembly was 
cleaned with boiling sodium bicarbonate, rinsed, and air dried. 
The larger diameter single tube was then immersed in xylene for 20 
minutes to cause swelling. After the expansion of the single tube, the 15-mm 
long cuff assembly was inserted into the interior of the swelled 21-mm long 
single tube, leaving 3 mm on each end of the overall multiple-lumen cuff. This 
opening on each end was established to permit the nerve stumps to be sutured 
in place in each end of the cuff. The whole cuff was dried in a hood at room 
temperature for 12 hours until the evaporation of xylene was complete. After 
evaporation of the xylene, the outer larger diameter single tube held the inner 
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2.92 mm 
ilz. 
Figure 3.1: Cross section of the 7-lumen tube showing the pattern of holes 
(the center lumen is blocked with silicone rubber; for a clockwise 
rotation when viewing the distal end toward the proximal end, the 
color coding is red, purple, yellow, orange, green, and blue) 
cuff assembly securely in position. The paints on the inner cuff assembly were 
isolated from any subsequent nerve contact by encapsulation of the inner cuff 
assembly by the outer single tube. The whole cuff was then washed with 
distilled water and air dried before storage. Two hours before surgery, the cuffs 
were sterilized by immersing them in 70% ethanol and they were stored in 
clean covered dishes. Prior to the implantation, the lumens of the cuffs were 
loaded with the stimulatory substances. Details of the loading procedure are 
described in the Preparation of Gels section. A longitudinal section through the 
complete multiple-lumen cuff can be seen In Figure 3.2. 
3.2.2 In vivo experimentation 
Twelve adult Sprague-Dawley rats (4 months old) weighing between 400 
and 450 gm were used in this study. These rats were divided into two groups. In 
Group I, the right sciatic nerves of 10 rats were transected and bridged with 
15-mm multiple-lumen silicone cuffs. In Group II, the right sciatic nerves of 2 rats 
were severed to make a 15 mm gap, but no implant was provided. This group 
was used to compare the effects of the open gap with those of multiple-lumen 
silicone tubing for nerve regeneration across a 15 mm gap. The intact left sciatic 
nerves of these rats were harvested when the animals were sacrificed. They 
were used for histological comparisons with the nerves that grew into the 
multiple-lumen silicone rubber tubes. Details of the animal identifications for the 
present study are listed in Table 3.1. 
The central lumen of the multiple-lumen cuffs was sealed with Silastic® 
Medical Adhesive Type A, and the six surrounding lumens were alternately 
filled with collagen gels and gels containing collagen, fibronectin, and laminin 
(Figure 3.3). The central lumen was sealed in order to leave a symmetric 
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Figure 3.2: Longitudinal section through the middle of the multiple-lumen nerve cuff 
(the 0.508 mm diameter shaded features are representative of the six open 
lumens and the central closed lumen) 
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Table 3.1: Group number, implant period, type of repair, and animal number 
used in the present study 
Group Implant Period Type of Repair Animal 
Number Number 
Group I 8 Weeks Multiple-lumen 923M8C03* 
923M8C04 
923M8C05 
923M8C06 
923M8C07 
923M8C08 
923M8C09 
923M8C10 
923M8C11 
923M8C12 
Group II 8 Weeks No Implant 923M8N01 
923M8N02 
* 923 = date of surgery, M = male rat, 8 = 8 week experiment, N = no cuff, 
C = implanted with cuff, 03 = rat number 3. 
biochemical environment of the six filled conduits for regeneration of the 
severed nerves. The factor of unbalanced stimulatory substances in the lumens 
which might partially influence regeneration was then eliminated. These 
animals provided a way to test the effects of guides on nerve regeneration and 
the efficiency of the multiple-lumen cuff in providing two different biochemical 
growth environments for regenerating nerves. In addition, an important test was 
to see whether the multiple-lumen cuff containing biochemical adjuncts could 
promote axonal regeneration across a relatively long nerve gap. 
Eight weeks after the placement of nerve cuffs, the animals underwent 
reexposure of the sciatic nerve site and the regenerated cables were removed 
from the cuffs. The sections of the sciatic nerves with no implants (Group II right 
leg) and the intact normal controls (Group I left leg) were subjected to the same 
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^1^ Lumen sealed with Silastic® medical adhesive type A 
Lumen loaded with a mixture of laminin, fibronectin, and collagen 
Lumen loaded with the collagen 
Figure 3:3: Cross section through the 7-lumen tube showing the holes loaded with 
different stimulatory substances 
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tissue processing procedures as the cables retrieved from the multiple-lumen 
cuffs. 
3.2.3 Surgical protocol 
Animals were anesthetized with 1.5 ml/Kg of body weight with a 
volumetric 2:1 ratio of Ketamine [100 mg/ml] and Xylazine [20 mg/ml] by 
intraperitoneal injection into the lower left quadrant of the abdomen. This 
usually provided at least 60 minutes of anesthesia. The animals were 
maintained at a light stage of anesthesia and were placed on a stainless steel 
tray in dorsal recumbency. The right hind leg was stretched and the hair was 
shaved from the entire ventral surface of the rat using a pair of animal hair 
clippers. The cranial extent of the hair removal was the diaphragm and the 
caudal extent was the base of the tail. The hair on the medial surface of the right 
thigh and right leg was also shaved. The shaved hair was removed and the 
animal was moved to a clean surgical table and positioned in dorsal 
recumbency on a heating pad. The upper body of the rat was fixed by taping 
over the fore limbs and the chest and onto the surgical table. The hind limbs 
were stretched caudally by taping them to the table. The exposed skin area was 
cleaned alternately with sponges soaked with pure isopropyl alcohol and with a 
disinfectant of 4% Nolvason® solution (chlorhexidine diacetate, Lot # 062809, 
Fort Dodge Laboratories, Inc., Fort Dodge, lA). The incision site near the center 
of the clipped area was scrubbed circularly moving toward the periphery of the 
clipped area; the scrubbing was usually repeated three times. To avoid 
contamination, the scrubbing motion ended at the periphery of the clipped area. 
A sterile Steri-Drape® (3M Medical, St. Paul, MN) was cut in half and was then 
used to cover most of body of the animal, except the head. 
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For the Group I animals which received right sciatic nerve implants, the 
skin incision was made using a size 15, sterile rib-back carbon steel blade 
(Bard-Parker, Rutherford, NJ). This incision was started just cranial to the 
patella, moving cranial-medially approximately 2 cm in length. After the 
exposure of the superficial skin, blunt dissection was used to separate the 
gracilis to expose the deeper muscle layers. The fascia separating the adductor 
magnus and semimembraneous medially was then separated by blunt 
dissection. Both the muscle groups were then spread apart using blunt 
dissection. A Weitlaner self-retaining retractor was used to hold the incision 
apart. A 25 mm section of the sciatic nerve lying on the biceps femoris was then 
isolated from the surrounding tissue by blunt dissection. The sciatic nerve 
located about 20 mm proximal to the tibioperoneal bifurcation was then cut 
cleanly using a pair of new, sharp curved Mayo dissecting scissors. Just prior to 
inserting and securing the proximal and distal nerve stumps into the ends of the 
cuff, the lumens of the cuff were filled with collagen gel or a gel containing 
collagen, fibronectin, and laminin. Preparation of these stimulatory gels is 
described in the Preparation of Gels section. 
A 3/8 inch circular needle with 9-0 Nylon suture (Ethicon Inc., Somerville, 
NJ) was inserted through the wall of the proximal end of the cuff from the 
outside. The needle was then passed through the epineurium of the proximal 
stump about 2 to 3 mm from the cut surface. The stump was held with 4 inch iris 
tissue forceps. Then the needle was passed through the wall of the cuff from the 
inside. The proximal stump was then secured with a square knot placed over 
the outer wall of the cuff. The distal stump was secured similarly into the other 
end of the cuff, creating an intervening 15-mm gap. The distal stump was 
positioned in a 'S' pattern to alleviate the tension of suture lines. The distal 
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suture and the 'S'-pattem nerve stump were placed on opposite sides of the 
distal lip of the cuff. Also, the proximal and distal sutures were on opposite sides 
of the cuff to prevent compression of the repaired nerve stumps by the margin of 
the cuff. Group li animals received similar surgical procedures as Group I 
animals except that they were not implanted with the multiple-lumen cuffs. The 
right sciatic nerves of the Group II animals were exposed and transected. The 
transected nerve stumps were then sutured back to the biceps femoris with 
9-0 Nylon suture (Ethicon Inc., Somerville, NJ), creating a 15 mm gap between 
the nerve stumps. 
The exposed nerves in all of the animals were then placed back in 
position, and the muscle layers were reapproximated with two interrupted 
square knots using 4-0 chromic gut suture material (Davis and Geek, Danbury, 
CT). Stitches were placed at a location about 8 mm from the incision with 8 mm 
between stitches. Finally, the skin was closed with 2-0 Dermalon® (Davis and 
Geek, Montreal, Canada) using three interrupted square knots. Stitches were 
placed about 5 mm from the incision with 5 mm between stitches. The 
interrupted stitch was placed in the skin so that it penetrated both the epidermal 
and corium layers. Ail of the knots were placed to one side of the incision so that 
they did not interfere with healing (Leonard, 1968). 
The animals were observed in the laboratory until they were awake and 
alert. They were then retumed to the animal care facility for routine 
postoperative monitoring and care. These animals were viewed twice daily. 
Animals were housed in temperature (22°C) and humidity (45%) controlled 
rooms with 12 hour light cycles, and they had access to food and water ad 
libitum. Post operative analgesia was provided by placing 1 cc of a mixture of 
Codeine and Tylenol (Acetaminophen) per 100 cc of drinking water. The 
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mixture contained 12 mg of Codeine and 120 mg of Tylenol per 5 ml. This 
treatment was administered for 7 days for all of the rats. This was continued if 
the animals exhibited self-mutilation. Bitter orange (ARC Lab, Atlanta, GA) was 
applied to the wound of the animals to discourage licking, biting, and chewing. 
A sufficient amount of sawdust was present in each cage to decrease direct 
contact of the paralyzed limb with the floor of the plastic cage. Skin sutures were 
removed on the tenth day after surgery. All of the animals were euthanized 
(sodium pentobarbitol euthanasia solution, Beuthanasia D; 0.2 cc 
Intraperitoneal injection) at the end of 8 weeks postimplantation. 
3.2.4 Preparation of gels 
Preparation of the collagen lumen filling and of the mixture of collagen, 
fibronectin, and laminin was done as follows: 
1. A volume of 8 ml of Chilled Vitrogen® 100 collagen (95% type I and 5% type 
III bovine dermal collagen, 3 mg/ml collagen, in HCI (pH=2.0), Collagen 
Corp., Palo Alto, CA) was mixed with 1 ml of lOx phosphate buffered saline 
solution (0.2 M Na2HP04, 1.3 M NaCI, pH=7.4). The collagen solution was 
then mixed with 1 ml of 0.1 M NaOH. 
2. The pH of the solution was adjusted to 7.4±0.2 by the addition of a few drops 
of 0.1 M HCI or 0.1 M NaOH. The pH of the solution was monitored by phenol 
red solution (pH 6.8, yellow; pH 8.2, red). This was necessary to neutralize 
the solution so that it could gel at 37°C. This gave a collagen solution of 2.4 
mg/ml collagen which was used as a collagen filling for certain of the 
lumens after first mixing it with saline in a 1:1 volumetric addition to give 1.2 
mg/ml collagen. 
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3. The second type of lunnen filling was obtained by mixing the chilled 
Vitrogen® 100 collagen (concentration of 2.4 mg/ml) with fibronectin and 
laminin. A 2:1:1 volumetric addition was used. Thus, 2 ml of the 2.4 mg/ml 
collagen was mixed with 1 ml of laminin (1 mg/ml in Tris buffered saline, 
Engelbreth-Holm-Swarm mouse sarcoma laminin, #L2020, Sigma Chemical 
Co., St. Louis, MO), and with 1 ml of fibronectin (1 mg/ml in Tris buffered 
saline, rat fibronectin, #F0635, Sigma Chemical Co., St. Louis, MO). 
4. The mixture can be stored in liquid form at 4-6°C for several hours prior to 
gellation. This provided a mixture with a laminin concentration of 0.25 mg/ml, 
a fibronectin concentration of 0.25 mg/ml, and a collagen concentration of 1.2 
mg/ml. Note that the collagen concentration of 1.2 mg/ml was the same in the 
collagen filled lumens as well as in the mixture filled lumens of the implanted 
cuff. 
To insure the chemical activity of the substances before making the 
above mixtures, the collagen was stored at 4°C in liquid form. The laminin and 
the fibronectin was stored at -70°C. 
The various gels which were in the liquid state after following Steps 1 
through 4 above were injected through a pre-cooled micropipette into the 
lumens by passing the tip (approximately 1.5 mm in length) of the needle inside 
the chambers of the multiple lumen cuffs. The collagen gel was loaded into 
lumens with the purple, the orange, and the blue identification markings. The 
mixture of collagen, laminin, and fibronectin was loaded into lumens with the 
red, the yellow, and the green identification markings. The volume of each 
lumen was approximately 2.94 |il. Loading was done approximately 15 minutes 
prior to implantation. Since these liquids required about 15 minutes to gel prior 
to implantation, the gellation was initiated by placing the nerve cuff with the 
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fillings into an oven at 37°C for 15 minutes. The solutions were sufficiently 
viscous to stay in the lumens until the gellation was complete. 
3.2.5 Histology 
All multiple-lumen cuffs remained in place for 8 weeks, at which time the 
nerves were re-exposed and the cuffs examined for the presence of cable 
regeneration across the 15-mm gap. The regenerated segments were removed 
by cutting at locations about 3 mm proximal and 3 mm distal to the ends of the 
repair cuff, creating a 27 mm section for retrieval. The retrieved cable was then 
placed in a 10% formalin solution. After 24 hours of fixation, the fibrous tissue 
encapsulating the cuffs was trimmed. 
Animal 923M8C03 in Group I was used to refine the surgical procedure 
and cable retrieval from the cuff lumens. The suture was removed from each 
end of the cuff using suture scissors. Using a scalpel blade, the junction 
between the distal stump and the connective tissue strands inside the lumens of 
the cuff was cut. A 3 mm segment was dissected at locations from 18 mm to 21 
mm (Figure 3.4; distal location outside the gap) from the distal end toward the 
proximal end of the cuff. The segment was placed in appropriately labeled vial 
of 10% formalin. The strands of regenerated tissue were then carefully removed 
from the cuff by gently pulling on the proximal stump. As soon as the 
regenerated strands were visible, the procedure was stopped and the strands 
assessed. The strands had a diameter of much less than 0.5 mm. Three strands 
from the lumens with red, orange, and green marks were evident. When moist 
tissues were pulled completely from the cuff, the strands stuck together and the 
blunt side of a scalpel blade was used to untangle them. The strands continued 
to cling together but became more manageable after the tissue had dried 
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Figure 3.4: Section designations for animal 923M8C03: P(0) = Proximal location 
outside the gap; P(l) = Proximal location inside the cuff; M(l) = Middle 
location inside the cuff; D(l) = Distal location inside the cuff; D(0) = Distal 
location outside the gap 
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somewhat. After the strands were separated, they were dissected one at a time. 
The strand was cut with scissors from approximately 13 mm -18 mm from the 
distal side to the proximal side (Figure 3.4; distal location inside the cuff). Next, 
the segment approximately 8 mm -13 mm was cut (Figure 3.4; middle location 
inside the cuff). Then the segment at the proximal location inside the cuff from 3 
mm - 8 mm was cut. After the strands were removed, the segment from the 
proximal location outside the gap was taken (Figure 3.4; 0 mm - 3 mm). All of 
the dissected cable segments and strands were placed into 10% formalin. 
From the preliminary test of animal 923M8C03, it was found that the 
regenerated cable strands were not rigid. They clung together after the cuff was 
removed. This increased the likelihood of breaking the strands when they were 
pulled from the cuff by pulling on the proximal stump. Therefore, the dissection 
procedure was changed for animals 923M8C04 through 923M8C12. 
For animals 923M8C04 through 923M8C12, a distal cable segment was 
dissected at specific locations from 18.5 mm to 21 mm (Figure 3.5; distal 
location outside the gap) from the distal end toward the proximal end of the cuff. 
The segment was placed in an appropriately labeled vial of 10% formalin. A 
sample of each regenerated strand inside the gap was taken from 14.5 mm to 
17.5 mm (Figure 3.5; distal location inside the cuff). Prior to cutting this sample, 
a red ink spot was placed on the outer single silicone rubber tube over the 
lumen with the red mark at the proximal-most side of the cuff. A 3 mm cuff 
sample cylinder of silicone rubber containing regenerated strands was removed 
by cutting through the outer single lumen and the inner 7-lumen tube assembly. 
The 3 mm cuff sample cylinder was then held longitudinally with a bulldog 
clamp while a nnetal cylinder which had a diameter of 0.508 mm was inserted 
into the lumen with the red mark in order to remove the tissue inside. Since the 
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Figure 3.5: Section designations for animals 923M8C04 through 923M8C12: 
P(0) = Proximal location outside the gap; P(l) = Proximal location inside 
the cuff; M(l) = Middle location inside the cuff; D(l) = Distal location inside 
the cuff; D(0) = Distal location outside the gap 
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metal cylinder had the same diameter as the lumen, the metal cylinder acted as 
a plunger. Each cable sample was then placed in a vial of 10% fomialin. After 
the tissue in the lumen with the red mark was removed, the lumen order of 
removal was orange, purple, green, yellow, and blue. A similar procedure was 
applied to a 3 mm cuff sample cylinder for cable segments from the 9 mm - 12 
mm region (Figure 3.5; middle location inside the cuff) and the 3.5 mm - 6.5 mm 
region (Figure 3.5; proximal location inside the cuff) were taken. The remaining 
proximal stump (Figure 3.5; 0 mm - 2.5 mm, proximal location outside the gap) 
was cut and the silicone tubing was removed. 
After fixation for 24 hours, all regenerated cable segments were 
dehydrated in graded ethanol in the following order: 
1. One hour in 70% ethanol. 
2. One hour in 80% ethanol. 
3. One hour in 95% ethanol. 
4. One hour in 100% ethanol, and repeated twice. 
Following the dehydration, the segments were embedded using a JB-4® 
embedding kit from Polysciences Inc. (Polysciences Inc., Warrington, PA). The 
JB-4® embedding kit contains a catalyst (benzoyl peroxide), solution-A (acrylic 
monomer and n-butoxyethanol), and solution-B (N,N-dimethylaniline and 
poly(ethylene glycol)). To make the catalyzed infiltration resin, 0.9 g of dry 
catalyst was dissolved in 100 ml of solution-A. The cable segments were then 
placed in the resin in a cooler at 4°C for two hours. After the infiltration stage, 
the cable segments were transferred to another medium consisting of 1 ml of 
solution-B and 25 ml of freshly prepared catalyzed solution-A for 
polymerization. The cable segments were positioned in a mold which was 
partially filled with the medium and then the mold containing the cable 
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segments was completely filled with the medium and capped. Paraffin was used 
to seal the caps to ensure that there was no air in the mold. The sealed molds 
were then stored in a vacuum desiccator at 4°C for twelve hours while the 
polymerization continued to completion. 
The polymerized blocks were exposed to air for a few hours before 
sectioning. The cable segments were then cut to 2 |im and 5 |im thicknesses by 
using a microtome with a dry glass knife. These sections which were in a room 
temperature distilled water bath were then collected on cleaned glass slides 
and air dried. The 5 ^im thickness sections were then stained using the Bodian's 
silver method and the 2 ^m thickness sections were stained by using the 
toluidine blue method. 
The Bodian's silver method utilizes a silver proteinate compound 
(protargol) to impregnate neural tissue sections. The addition of copper shot in 
the silver solution is to reduce the amount of silver taken up by connective 
tissue elements, enhancing the contrast between the neural and connective 
tissue elements. Meanwhile, the use of microwaves is to aid the penetration of 
silver into specimens of nerve, giving increased contrast and depth of staining 
as well as a more consistent result. It also reduces the time needed to complete 
the staining procedure. Repeated staining of sections with the silver solution is 
to achieve suitable differentiation between neural elements. The subsequent 
treatments with hydroquinone and formaldehyde reduce the silver deposited on 
the neural elements to metallic silver. The reduced silver in the tissue is then 
replaced by gold after the treatments of gold chloride and glacial acetic acid to 
intensify the contrast of neural elements. The final sodium thiosulfate treatment 
fixes the silver in the tissue by stopping all previous reactions and removing 
unreduced silver salts. 
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The procedure for the Bodian's silver stain method (after Kok and Boon 
(1992) with modifications including the use of plastic rather than paraffin 
embedding and a modification of the protargol solution concentration to 
improve the staining) Is as follows: 
1. Place sections into 50 ml of 2% aqueous protargol (Polysciences, Inc., 
Warrington, PA) over 3 g of metallic copper shot in an oven for 60 minutes at 
37°C. 
2. Microwave (H2200, Energy Beam Sciences, Inc., Agawam, MA) the sections 
in the same protargol solution at 630W for 20 seconds at 60°C and hold the 
sections in place for 10 minutes. 
3. Microwave the sections in the same protargol solution at 1 SOW for 1 minute at 
60°C and hold the sections in place for 10 minutes. 
4. Repeat Step 3. 
5. Microwave the sections in the same protargol solution at 180W for 1 minute at 
60°C and hold the sections in place for 20 minutes. 
6. Microwave the sections in the same protargol solution at 630W for 10 
seconds at 60°C and hold the sections in place for 10 minutes. 
7. Rinse the sections well in distilled water. 
8. Place the sections in a developer solution consisting of 1 g of 
hydroquinone, 50 ml of distilled water, and 2.5 ml of 37% formaldehyde for 10 
minutes (prepare immediately before use). 
9. Rinse the sections well in distilled water. 
10. Microwave the sections for 2 minutes at 180W in the gold-chloride solution 
consisting of 1 g of gold chloride, 100 ml of distilled water, and 3 drops 
glacial acetic acid. 
11. Rinse the sections well in distilled water. 
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12. Place the sections in an oxalic-acid solution (solution consists of 1g of oxalic 
acid dehydrate and 50 ml of distilled water) for 10 minutes. 
13. Rinse the sections well in distilled water. 
14. Place the sections in sodium-thiosulfate solution (solution consists of 5 g of 
sodium thiosulfate and 50 ml of distilled water) for 10 minutes. 
15. Rinse the sections well in distilled water. 
16. Dry the slide with the sections in an oven (Precision Scientific Co., Chicago, 
IL) at 80°C for 2 hours. 
17. Pass the sections through xylene for clearing. 
18. Pass the sections through a mounting medium (Acrytol®), containing methyl 
methacrylate, toluene, dibutyl phthalate, and BHT (2,6-Di-Tert,2-Butyl-P-
Cresol; Surgipath Medical Industries, Inc., Richmond, IL). 
19. Apply coverslip. 
The toluidine blue is commonly used to stain the myelin sheaths of 
myelinated fibers. The toluidine blue staining procedure is described below. 
1. Immerse sections in 0.5% toluidine blue in 1% borax solution for 30 
seconds. 
2. Dry the slide with the sections in an oven (Precision Scientific Co., Chicago, 
IL) at 80°C for 2 hours. 
3. Pass the sections through xylene for clearing. 
4. Pass the sections through a mounting medium (Acrytol®), containing methyl 
methacrylate, toluene, dibutyl phthalate, and BHT (2,6-Di-Tert,2-Butyl-P-
Cresol; Surgipath Medical Industries, Inc., Richmond, IL). 
5. Apply coverslip. 
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3.2.6 Qualitative studies 
The initial gross evaluations were made when each animal was 
biopsied. Before retrieving the samples, the rats were evaluated for return of 
nerve function and signs of self mutilation. After retrieval, the shape and position 
of the tissue inside and outside of the nerve regeneration guide were observed 
visually. Neural reorganization was then evaluated microscopically by 
examining the cross section of each regenerated cable stained by Bodian's 
silver method and by toluidine blue. A light microscope was used at 
magnifications of 25x, 40x, 100x, 400x, and 1000x for survey purposes. Then 
analyses were performed using photomicrographs of the samples (185x, 460x. 
and 1120X). 
3.2.7 Quantitative studies 
Morphometric parameters of peripheral nerve repair such as the cross 
sectional area, the acellular area, the number of cellular components, and the 
number of blood vessels were evaluated from the cables at the proximal, 
middle, and distal locations inside the cuff. In addition, the fraction of cable 
areas in the cuff lumen, the fraction of rim areas in the cable, the rim thickness, 
and the fraction of acellular areas in the core were also estimated. Samples 
stained with the Bodian silver ions, which provided contrast for the cable 
features, were used in the quantitative study. Details of all the measurements 
are described in the following. 
(1) Cross sectional area 
The cross sectional areas in regenerated cables, including the cable 
areas, the rim areas, the core areas, the acellular areas, and the blood vessel 
areas were measured using a light microscope with a grid overlay in the eye 
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piece at 400x or lOOOx. These areas were decided by summing the actual area 
values for all squares of the grid occupied by the part observed in the sections. 
(2) Fraction of cable areas to the intemal cuff lumen area 
This quantity was obtained by dividing the cable areas by the lumen 
areas which were 0.2027 mm^ (0.508 mm in diameter) seen in the present 
study. 
(3) Fraction of rim areas in the cable 
This quantity was obtained by dividing the rim areas by the cable areas. 
(4) Fraction of acellular areas in the core 
This quantity was obtained by dividing the acellular areas by the core 
areas. 
(5) Number of cellular components 
Using a light microscope with a grid overlay in the eye piece at 400x or 
lOOOx, the number of cellular components in the rim and the core of 
regenerated cables was counted, respectively. All of the cellular components 
stained pink by the Bodian silver ions, which might include Schwann cell, 
endothelial cell, and fibroblast nuclei, and the axons, were counted. When all 
the cellular components in one square of the grid had been counted, those of a 
second square were counted, and so on until all squares had been included. 
The total number of cellular components was determined from the number of 
components in each square and the total number of squares occupied by the 
cable cross section. 
(6) Number of blood vessels 
The same method counting the cellular components was used to 
determine the number of blood vessels (down to a size as small as 5 jim in 
diameter) in regenerated cables. 
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(7) Rim thickness 
From the area measurements the rim thickness was calculated based on 
circular cable profiles: cable area (rim and core) = (kD2)/4 and D = cable 
diameter, core area = (7:d2)/4 and d = core diameter, rim thickness = (D - d)/2. 
3.2.8 Statistical methods 
Analysis of variance was performed on the quantitative data from the 
cables with sections at the proximal, the middle, and the distal locations inside 
the cuff. Any cables with contaminations were not used for the statistical 
comparisons to minimize the bias in the data. The F test, which is capable of 
comparing treatment means to see if there are meaningful differences, was 
used in the present study. The significance level of 0.05 was used to determine 
whether the differences were significant among the mean values of 
morphometric parameters obtained from measurements for different locations of 
the repaired nerve and for different biochemical environments in the cuff. 
Comparisons were made for each individual animal as well as for overall 
animals. Meanwhile, comparisons between sections within the same 
environment at the same location inside the cuff were made for each animal. 
Three indexes, including the F value, FQ value, and P value, were used in the F 
test to determine whether there were significant differences between treatment 
means. If the treatment means are significantly different, FQ is larger than F. If Fo 
< F, there are no differences in treatment means. P value is another index to 
help to decide whether the difference between treatments was significant or not. 
In this comparison, the P value described the possibility that the FQ value was 
larger than or smaller than F value in the F distribution. Since the significance 
level of comparison used in the study was at 0.05, therefore, for every P value 
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smaller than 0.05, there was a difference. Thus, for P > 0.05, there was no 
significant difference between treatment means (Montgomery, 1991). The 
statistical analysis was performed using the Statistical Analysis System (Gary, 
NC) version 6.06. Details of the statistical methods can be seen in Appendix. 
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4. RESULTS AND DISCUSSION 
4.1 Results 
4.1.1 Macroscopic observations 
4.1.1.1 Walking patterns of the rats Prior to the cable retrieval, 
the animal walking patterns were obsen/ed. As shown in Table 4.1, 70% of the 
animals in Group 1 (7 of 10), in which nerve guides were implanted, showed a 
near normal gait on the right foot compared to the left control side. However, 
both the animals in Group II, which did not receive the nerve guide, showed a 
slow and hopping gait. In addition, stretched digits were seen on the right foot in 
Group I similar to those seen on the normal foot. By contrast, the digits of the 
repaired foot in Group II were still curied. 
4.1.1.2 Nerve cuffs and regenerated cables After an 
implantation time of 8 weeks, the silicone implants containing the regenerated 
cables were retrieved and examined. In Group I, the paint on the cuff was not 
affected. Swelling or deformation of the lumens was not obvious in the cuff. In 
addition, no nerve dislocation was seen for all of the rats. Brownish fibrous 
tissue encapsulation was noted covering all the nerve cuff and the parts of the 
nerve stumps in the cuff openings. After trimming the fibrous tissue, regenerated 
cables could be seen through the semitransparent lumens of the cuff. It was 
found that the regenerated cable which was surrounded by fluid occupied a 
central location within the lumen. In addition, several cables which were 
covered by coagulated blood were observed in the lumens of animal 
923M8C07, 923M8C08, and 923M8C11. Overall gross examination of the 
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Table 4.1; Walking patterns of the rats in both groups 
Group Animal Type of Implant 
Number Number Repair Period 
Descriptions 
923M8C03 
923M8C04 
923M8C05 
923M8C06 ML 
923M8C07 ML 
923M8C08 ML 
923M8C09 
ML® 8 weeks Digits less curled relative to those 
of the animals in Group II. 
Puts weight on leg. 
Slightly exaggerated gait. 
ML 8 weeks Digits less curled relative to those 
of the animals in Group II. 
Puts weight on leg. 
Gait almost nomnal. 
ML 8 weeks Plantar ulceration was evident, 
but had healed. 
Three most distal digits missing. 
Puts weight on leg. 
Gait almost normal. 
8 weeks Plantar ulceration was evident, 
but had healed. 
Three most distal digits missing. 
Hopping gait. 
8 weeks Digits less curled relative to those 
of the animals in Group II. 
Puts weight on leg. 
Leg movements slowed. 
Gait almost normal. 
8 weeks Digits less curled relative to those 
of the animals in Group II. 
Puts weight on leg. 
Gait almost nomnal. 
ML 8 weeks Digits less curled relative to those 
of the animals in Group II. 
Puts weight on leg. 
Slightly exaggerated gait. 
' ML = Multiple-lumen cuff. 
" NC = No cuff. 
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Table 4.1: Continued 
Group Aninnal Type of Implant Descriptions 
Number Number Repair Period 
1 923M8C10 ML 8 weeks Digits less curied relative to those 
of the animals in Group II. 
Puts weight on leg. 
Gait almost normal. 
923M8C11 ML 8 weeks Digits less curied relative to those 
of the animals in Group II. 
Puts weight on leg. 
Gait almost nonnal. 
923M8C12 ML 8 weeks Plantar ulceration was evident, 
but had healed. 
Two most distal digits missing. 
Curied digits. 
Puts weight on leg. 
Gait almost normal. 
II 923M8N01 NC 8 weeks Plantar ulceration was evident, 
but had healed. 
Two most distal digits missing. 
Curied digits. 
Puts weight on leg. 
Leg movements slowed. 
923M8N02 NC 8 weeks Plantar ulceration was evident. 
but had healed. 
Two most distal digits missing. 
Curied digits. 
Hopping gait. 
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multiple-lumen cuffs revealed the same percentage of cable formation in the 
mixture-filled lumens and in the collagen-filled lumens, both with 53% (16 of 30) 
of the lumens exhibiting a cable across the 15-mm gap (Figure 4.1). In Group II, 
a bulbous shaped neuroma at the end of the proximal stump and a smaller 
glioma or schwannoma at the end of the distal stump were seen in both of the 
rats (Figure 4.2). 
4.1.2 Microscopic observations on cable sections 
Figure 4.3A shows a cross section of a normal adult rat sciatic nerve 
stained using Bodian's method. Under the light microscope, the nerve fibers 
were closely packed in the nerve bundles with irregular fluted appearances. 
Axons stained dark brown by the silver ions were easily defined by their 
surrounding myelin sheaths and the endoneurium. Blood vessels were 
numerous (more than 20) in the epineurium and perineurium and less (fewer 
than 10) in the endoneurial area of the cable. It was found that several oval 
voids are present in the sheaths of myelinated fibers when toluidine blue stain 
was used (Figure 4.3B). These voids made it difficult to discem the axons from 
their surrounding tissue. 
The histology of the regenerated cable at both ends of the cuff (proximal 
and distal locations outside the gap) and the cable within the gap regions 
(proximal, middle, and distal locations inside the cuff) is described separately. 
4.1.2.1 Proximal location outside the gap region of the cuff 
The outer region or epineurlal and perineurial region of the regenerated 
cable consisted mainly of a collagenous connective tissue matrix in which 
circumferential cells resembling perineurial cells and fibroblasts were seen. A 
Lumens before Implanlatlon ^ Available samples belore prowsalnp Available samples after processing 
Total Lumens (60) 
Mixture-filled lumens (30) -
Collagen-fillad lumens (30) • 
Complete cable (16) 
Partial cable (7) 
->• No cable (7) 
Complete cable (16) 
Partial cable (9) 
No cable (5) 
Crystals Inside (6) 
No crystals (10) -
Crystals Inside (0) 
No crystals (7) 
^ Crystals Inside (3) 
No crystals (13). 
Crystals Inside (3) 
No crystals (6) 
^ Cables wHti complete samples (4) 
Cables wttti partial samples (5) 
Cables witt) partial samples (0) 
Cables with complete samples (4) 
Cables vyith partial samples (9) 
Cables with partial samples (6) 
Figure 4.1: A flow chart showing the available samples at different stages in the current experiment 
Figure 4.2: A fusiform sliaped neuroma at the proximal stump and a smaller glioma at the distal stump of 
the dissected sciatic nerve (animal #923M8N02, scale bar = 0.5 mm between smallest Intervals) 
Figure 4.3: Light micrograph of a cross-section of the left sciatic nerve from normal controls. (A): Each axon 
(AX) is found surrounded by its myelin sheath (M) and the endoneurium (E) after the staining by 
silver ions (animal #923M8C11, Bodian stain). (B): Several voids (V) with oval shapes are found on 
the myelin sheaths of the axons (animal #923M8C06, toluidine blue stain). Scale bar (A, B) = 10 pm 
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relatively larger fraction of the core in the regenerated cable was filled with 
collagenous endoneurial connective tissue. The nuclei of fibroblasts, 
endothelial cells, and Schwann cells were readily discerned. They were 
crescent or oval in shape and exhibited pink staining. Blood vessels 
approximately 20 to 100 |j.m in diameter were seen in the epineurial, the 
perineurial and the endoneurial area of the cable. These cable components 
seen in the core of the regenerated cable were subdivided into numerous small 
cellular units by strands of fascicular perineurium (Figure 4.4). 
4.1.2.2 Regenerated cables in the gap regions All the cable 
samples in the gap regions have been listed in Table 4.2. As seen in this table, 
both animals #923M8N01 and #923M8N02 did not receive the cuff implant. 
They were used to compare the effectiveness of multiple-lumen tubing for cable 
regeneration. Animal #923M8C03 was used to refine the surgical procedure for 
preliminary sampling. The samples obtained from animal #923M8C04 to 
#923M8C12 were used for the histological evaluations to assess the 
regenerated cables in the gap regions. It was noted that samples in animals 
#923M8C07, #923M8C08, and #923M8C11 were contaminated. Crystal-like 
features were seen in sections of the cables in these animals. Therefore, those 
contaminated samples were not used for histological comparisons. Descriptions 
of cables have been organized as follows to show differences (if any) between 
cable sections regenerated in different chemical environments at different 
locations in the cuff. 
First, the cables which had complete sampling at the proximal, the 
middle, and the distal locations inside the cuff were analyzed according to their 
growth environments and the positions at which they were sampled. There were 
Figure 4.4: Light micrograph from the section at the proximal location outside gap region of the multiple-lumen 
cuff (animal #923M8C05). Blood vessels (BV) and the nuclei of Schwann cells (SC) are seen. Small 
fascicles subdivided by the fascicular perineurium (P) are also observed surrounding endoneurial 
connective tissue (Bodian stain, scale bar = 20 |jm) 
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Table 4.2: List of samples from the regenerated cables in the gap regions 
Animal Mixture-filled Location Collagen-filled Location 
Number Lumen" Proximal Middle Distal Lumen Proximal Middle Distal 
#923M8N01' N/A' N/A N/A N/A N/A N/A N/A N/A 
#923M8N02* N/A N/A N/A N/A N/A N/A N/A N/A 
#923M8C03 Red PS" PS PS Purple N/A N/A N/A 
Yellow N/A N/A N/A Orange N/A PS PS 
Green PS PS PS Blue N/A N/A N/A 
#923M8C04 Red N/A N/A N/A Purple C C C 
Yellow C* C C Orange N/A P P 
Green N/A P' N/A Blue C C C 
#923M8C05 Red C C C Purple C C C 
Yellow N/A N/A N/A Orange N/A N/A P 
Green N/A P P Blue P N/A P 
#923M8C06 Red P N/A P Purple N/A P P 
Yellow N/A N/A P Orange C C C 
Green N/A N/A N/A Blue P P N/A 
#923M8C07 Red X« X X Purple X X X 
Yellow X X X Orange N/A X X 
Green N/A N/A X Blue X X X 
#923M8C08 Red N/A X N/A Purple N/A X X 
Yellow N/A X N/A Orange X N/A N/A 
Green N/A N/A N/A Blue X X N/A 
#923M8C09 Red P P N/A Purple P N/A N/A 
Yellow P N/A N/A Orange P P N/A 
Green N/A N/A N/A Blue P N/A N/A 
#923M8C10 Red N/A N/A N/A Purple N/A P P 
Yellow P N/A N/A Orange N/A P N/A 
Green C C C Blue P P N/A 
#923M8C11 Red X X X Purple X X N/A 
Yellow X X N/A Orange N/A N/A X 
Green X X X Blue N/A N/A N/A 
#923M8C12 Red N/A N/A N/A Purple P N/A N/A 
Yellow N/A N/A P Orange N/A N/A N/A 
Green C C C Blue N/A N/A N/A 
* Animal with no implant. 
" Lumens with marks of red, yellow, and green filled with mixture of laminin. flbronectin, and collagen; 
Lumens with marks of purple, orange, and blue filled with collagen. 
N/A = Not available. 
" PS = Preliminary sampling. 
• C = Cable with complete sampling. 
' P = Cable with partial sampling. 
° X = Cable in the animal with contaminations. 
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four cables with complete sampling in both the mixture-filled lumens and the 
collagen-filled lumens. In the mixture-filled lumens, cables with complete 
sampling were obtained from the yellow-marked lumen in animal #923M8C04, 
the red-marked lumen in animal #923M8C05, and the green-marked lumen in 
animal #923M8C10 and in animal #923M8C12. In the collagen-filled lumens, 
cables with complete sampling were obtained from the purple-marked lumen 
and the blue-marked lumen in animal #923M8C04, the purple-marked lumen in 
animal #923M8C05, and the orange-marked lumen in animal #923M8C06. 
Each cable was then histologically assessed. Specifically, comparisons were 
made among cable sections at different locations (proximal, middle, and distal) 
inside the cuff for their cross sectional size, the development of the rim 
(epineurium), the presence of acellular material in cable cores, and the 
organization of the cellular components in the core. Then, the range of 
microstructural feature variations in the sections obtained from the mixture-filled 
lumens and the collagen-filled lumens could be demonstrated by observing all 
the cables regenerated in both the chemical environments, respectively. In 
animal #923M8C04, cable sections from the same environment (purple-marked 
lumen and blue-marked lumen; both lumens were filled with collagen) were 
obtained. This provided an opportunity to investigate the deviations between 
samples since they were obtained from the same environment in the same 
animal. Meanwhile, cable sections from different environments in the same 
animal could also be compared in animal #923M8C04 (sections from the 
yellow-marked lumens compared to those from the purple-marked and the blue-
marked lumens) and animal #923M8C05 (sections from the red-marked lumens 
compared to those from the purple-marked). Overall comparisons between 
sections from different environments were then made. 
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Following these comparisons obtained from the cables with complete 
sampling, the cables which only had partial sampling were included for all the 
comparisons to see whether a similar or a different range of microstructural 
feature variations could be found as compared to those seen in the cables with 
complete sampling. This provided additional confirmation of the initial analysis 
observations regarding the range of cable feature variations seen in the cables 
with complete sampling. 
Finally, the cables with crystal-like features were studied. 
For ease in disceming the features in the regenerated cables in the gap 
regions. Table 4.3 displays representative images showing all the regenerated 
features in the cables seen in the current study (Bodian stain). 
Details of these observations are described as follows. 
Cables with complete sampling in the mixture-filled lumens Four cables 
with complete sampling were obtained from the mixture-filled lumens, including 
those from the yellow-marked lumen in animal #923M8C04 (Figures 4.5A -
4.5E), the red-marked lumen in animal #923M8C05 (Figures 4.6A - 4.6C), and 
the green-marked lumen in animal #923M8C10 (Figures 4.7A - 4.7C) and 
animal #923M8C12 (Figures 4.8A - 4.8D). A relatively narrow middle segment 
as compared to the proximal and distal segments was present in the cross 
sections of 3 of 4 cables from the mixture-filled lumens. Macrophages were 
seen on the outside surface of cables in the majority of sections. Two cables 
with a similar morphology were observed in the distal section in animal 
#923M8C04 (Figure 4.5C). In most of the cable sections, their rims were 
composed of 2 - 8 layers of concentrically arranged flattened fibroblasts. In the 
core, Schwann cells and Schwann cell columns were readily observed 
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Table 4.3; Representative images of the components in sections from regenerated 
cables and normal controls 
Cable Component Representative Image Descriptions 
Epineurium area, layers of concentrically 
(Rim of the Cable) arranged fibroblasts (arrows) can be 
^ seen. Scale bar = 11.8 ^m 
Macrophages (arrows) are surrounded 
Macrophage by cytoplasm and are positioned around 
the cable. Scale bar = 12.7 ^m 
Blood Vessel 
Blood vessel (arrow) can be seen in both 
the rim and the core of the cable and can 
be Identified by means of its surrounding 
endothelial tissue and the blood cells 
inside. Scale bar = 12.7 nm 
^ Schwann cell nuclei (an-ows) are 
Schwann Cell observed in the cable core. Scale bar = ¥V 3.7 jam 
Schwann Cell Column 
Schwann cell column (arrow) can act 
as a pathway directing the 
regenerating axons from the 
proximal stump into the distal stump. 
Scale bar = 11.1 jim 
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Table 4.3: Continued 
Cable Component Representative Image Descriptions 
Regeneration Unit 
A regeneration unit is composed of 
clusters of Schwann cells containing 
several axonal profiles (arrow) 
surrounded by a perineurial sheath 
(arrow head). Scale bar = 4.9 ^m 
Myelinated Axon 
A normal myelinated axon (arrow) is 
sun-ounded by its myelin sheath and the 
endoneurium. Scale bar = 2.9 lum 
Fibrin Matrix 
The fibrin matrix has a flocculated 
appearance and Is seen in the core of 
the cable. Scale bar = 10.9 iim 
Acellular Region 
The acellular region (arrow) is mostly 
seen in the core of the cable. Scale 
bar = 10.9 |im 
Crystal Crystals are seen in some of the 
samples. Scale bar = 10.9 jim 
Blood Cells in 
Gel Matrix 
I*)* J 
Residue of a gel matrix with 
numerous blood cells is seen in 
some of the samples. Scale bar 
= 10.9 pm 
.5; Rat #4, a cable with complete sampling from the yellow-marked lumen (mixture inside) in animal 
#923M8C04. (A, F): proximal section (4RPY), (B): middle section (4RMY), (C - E): distal section (4RDY). 
In the proximal section, a thick and asymmetric rim (38 pm thickness) is seen surrounding a cellular and 
vascularized core. Schwann cells, Schwann cell columns, and blood vessels are seen in the core. 
Macrophages are observed on the outside surface of the cable. In the middle section, a thick and 
asymmetric rim (33 pm thickness) is seen surrounding a relatively small core. The rim area occupies 
approximately 2/3 of the cable. No blood vessels are seen. Macrophages are located on the surface of the 
cable. In the distal section, two similar cables within this individual lumen are found. A cellular and 
vascularized core is seen in the first cable as shown in (D) which is surrounded by a symmetric rim (20 pm 
thickness). Macrophages are located on the surface of the cable. As seen in the first cable, the second 
cable (E) has a cellular and vascularized core which is surrounded by an organized and symmetric rim 
(20 pm thickness). Macrophages are located on the surface of the cable. Using either Bodian stain or 
toluidine blue stain, macrophage, Schwann cell, endothelial cell, and fibroblast nuclei as well as red blood 
cells in blood vessels stain darkly. An example is shown in (F) where a fibroblast nucleus = FB, a 
macrophage nucleus = MA, a Schwann cell nucleus = SC, and a blood vessel = BV as indicated by arrows. 
Scale bar (A, B, D, E) = 20 pm, (C) = 100 pm. Bodian stain; Scale bar (F) = 20 pm. Toluidine blue stain 
Figure 4.5: Continued 
Figure 4.5: Continued 
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Figure 4.6; Rat #5, a cable with complete sampling from the red-marked lumen (mixture inside) in animal #923M8C05. 
(A, D); proximal section (5RPR), (B); middle section (5RMR), (C): distal section (5RDR). In the proximal 
section, a thin and symmetric rim (9 pm thickness) is seen surrounding a cellular and vascularized core. 
Schwann cells, Schwann cell columns, and blood vessels are seen in the core. Macrophages are observed 
on the outside surface of the cable. In the middle section, a symmetric rim (17 pm thickness) is seen 
surrounding an irregular-shaped cellular core. No blood vessels are seen and only a few macrophages are 
observed on the surface of the cable. In the distal section, a thick and symmetric rim (42 pm thickness) is 
seen surrounding a cellular and vascularized core. The cells and blood vessels in the core are subdivided 
into small cellular units by strands of perineurium. Macrophages are observed on the surface of the cable. 
Macrophage, Schwann cell, endothelial cell, and fibroblast nuclei as well as red blood cells in blood vessels 
stain darkly in both Bodian stain (A, B, C) and toluidine blue stain (D) images. Cable features shown in the 
image (D), including a fibroblast nucleus = FB, a macrophage nucleus = MA, a Schwann cell nucleus = SC, 
and a blood vessel = BV are indicated by arrows. Scale bar (A, B, C) = 20 pm. Bodian stain; Scale bar (D) = 
20 pm. Toluidine blue stain 
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Figure 4.6: Continued 
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Figure 4.7: Rat #10, a cable with complete sampling from the green-marked lumen (mixture inside) in animal 
#923M8C10. (A): proximal section (10RPG), (B): middle section (10RMG), (C): distal section (10RDG). In 
the proximal section, a thick and asymmetric rim (22 pm thickness) is seen surrounding a core which is 
almost completely composed of acellular material. No blood vessels are seen and only a few macrophages 
are observed on the surface of the cable. In the middle section, a thin and symmetric rim (2 pm thickness) 
is seen surrounding a core which is completely composed of a fibrin matrix. The fibrin matrix is denser in the 
peripheral region than at the center of the cable. No blood vessels or macrophages are seen. In the distal 
section, a thick and symmetric rim (40 pm thickness) is seen surrounding a cellular core. Acellular material 
is seen in numerous regions within the core area. No blood vessels are seen and only a few macrophages 
are observed on the surface of the cable. Scale bar (A, B, C) = 20 pm. Bodian stain 
Figure 4.8: Rat #12, a cable with complete sampling from the green-marked lumen (mixture inside) in animal 
#923M8C12. (A, D, E): proximal section (12RPG), (B): middle section (12RMG), (C): distal section (12RDG). 
In the proximal section, a cellular and vascularized core is surrounded by an organized rim structure (44 pm 
thickness). Blood vessels, nuclei of Schwann cells, and Schwann cell columns are seen in the core. In 
addition, features similar to axonal profiles are observed (see Figure 4.8D for details, rectangles enclose 
clusters which may include axons; arrows designate typical features that appear to be axonal profiles). 
Several macrophages are seen on the surface of the cable. In the middle section, a symmetric rim (28 pm 
thickness) is seen surrounding a cellular core. Two blood vessels are seen in the peripheral region of the 
core. Macrophages are seen on the surface of the cable. In the distal section, acellular regions with some 
undetermined cellular material (UCM) are seen. Note that what appear to be axonal profiles stain darkly in 
the Bodian stain images (A, D), but do not appear in the toluidine blue stain image (e.g., compare D and E 
at comparable high magnifications). There are some relatively small precipitate stain artifacts seen in the rim 
portion of the cross section (within the right third of the Bodian stain image D). Scale bar (A, B, C) = 20 pm, 
(D) = 10 pm. Bodian stain; Scale bar (E) = 10 pm. Toluidine blue stain 
Figure 4.8: Continued 
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throughout the entire length in most cables. However, blood vessels were 
mostly seen (down to the size of 2 ^im in diameter) in the proximal and distal 
sections. Features similar to axonal profiles were seen in the proximal section in 
animal #923M8C05 (Figure 4.6A) and in animal #923M8C12 (Figures 4.8A, 
4.8D). In the distal section of animal #923M8C05 (Figure 4.6C), cellular 
components in the core were subdivided by strands of perineurium into several 
cellular units (Schwann cell columns). Cables with acellular regions were only 
observed in animal #923M8C10 and animal #923M8C12. In animal 
#923M8C10, the core of the proximal (Figure 4.7A) and distal cable sections 
(Figure 4.7C) was occupied by acellular material and the middle section (Figure 
4.7B) was completely composed of a fibrin matrix. In animal #923M8C12, 
acellular regions containing a few unidentified structures were seen in the distal 
cable section (Figure 4.8C). 
In the majority of cables, the proximal and distal sections had a 
relatively organized and mature structure as compared to the middle section. 
For example, the proximal and distal sections in animal #923M8C04 (Figures 
4.5A, 4.5D - 4.5E) had a well-organized rim surrounding a highly cellular and 
vascularized core. By comparison, the middle section (Figure 4.5B) had a 
relatively small core in which only a few cells were seen. Similar growth 
patterns were also observed in animal #923M8C05 (Figures 4.6A - 4.6C) and 
#923M8C10 (Figure 4.7A - 4.7C) which showed a less developed structure in 
the middle section. The cellular organization was different between the proximal 
and the distal sections in cables from the mixture-filled lumens. When cells were 
present in proximal sections, they appeared to be more highly organized than in 
middle or distal sections with a more uniform perineurial subunit partitioning in 
cores in proximal locations. 
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Cables with complete sampling in the collagen-filled lumens Four cables 
with complete sampling were obtained from the collagen-filled lumens, 
including those from the purple-marked lumen (Figures 4.9A - 4.9C) and the 
blue-marked lumen (Figures 4.1 OA - 4.1 OC) in animal #923M8C04, the purple-
marked lumen in animal #923M8C05 (Figures 4.11 A - 4.11C), and the orange-
marked lumen in animal #923M8C06 (Figures 4.12A - 4.12C). A tapering from 
proximal or distal locations to smaller cross sections toward the middle segment 
of regenerated cables was evident in 2 of 4 cables from the collagen-filled 
lumens. Macrophages were seen on the outside surface in the majority of cable 
sections. Two fascicles were observed in the middle section in animal 
#923M8C05 (Figure 4.1 IB). Only one of the fascicles had a well-developed rim 
and a cellular core. All the cable sections in animal #923M8C06 (Figures 4.12A 
- 4.12C) were composed of residue of a gel matrix and numerous blood cells. 
The majority of cable sections had a well-organized rim consisted of 1 - 10 
layers of concentrically arranged flattened fibroblasts. In the core, Schwann 
cells, Schwann cell columns, and blood vessels were mostly seen in the 
proximal and distal sections. In the middle section, blood vessels were not 
observed and a large fraction of the core area was acellular. Acellular regions 
were observed in all the cable sections. However, the middle sections had 
relatively large acellular regions occupying 51 - 100% of the core area. 
The differences seen from comparisons among the proximal, the middle, 
and the distal sections in the cables obtained from the collagen-filled lumens 
were as large (or larger) than those seen in the cables in the mixture-filled 
lumens. Cables showed significant differences among sections. One cable was 
seen in the purple-marked lumen in animal #923M8C04 (Figures 4.9A - 4.9C) 
which had an advanced structure with a highly cellular core in the proximal (but 
Figure 4.9: Rat #4, a cable with complete sampling from the purple-marked lumen (collagen inside) in animal 
#923M8C04. (A); proximal section (4RPP), (B): middle section (4RMP), (C): distal section (4RDP). In the 
proximal section, a symmetric rim (19 pm thickness) is seen surrounding a cellular and vascularized core. 
Schwann cells, Schwann cell columns, and blood vessels are seen in the core. Acellular material is also 
observed localized within the core area. Macrophages are observed on the outside surface of the cable. In the 
middle section, a thick and symmetric rim (23 pm thickness) is seen surrounding a relatively small core. Half 
of the core area is occupied by acellular material and no blood vessels are seen. Macrophages are located on 
the surface around the cable. In the distal section, a thin and symmetric rim (2 pm thickness) is seen 
surrounding a cellular and vascularized core. Blood vessels are seen in the peripheral regions of the core. A 
small area of acellular material is observed in the center of the cable. Only a few macrophages are located on 
the outer surface of the cable in this view. Scale bar (A, B, C) = 20 pm. Bodian stain 
Figure 4.10: Rat #4, a cable with complete sampling from the blue-marked lumen (collagen inside) in animal 
#923M8C04. (A): proximal section (4RPB), (B): middle section (4RMB), (C); distal section (4RDB). In the 
proximal section, a thick and symmetric rim (21 pm thickness) is seen surrounding a cellular and 
vascularized core. Schwann cells, Schwann cell columns, and blood vessels are seen in the core. Acellular 
material is also observed among the cells within the core area. Macrophages are observed on the outside 
surface of the cable. In the middle section, a symmetric rim (22 pm thickness) is seen surrounding an 
acellular core which is completely composed of acellular material. No blood vessels are seen and only a 
few macrophages are located on the surface around the cable. In the distal section, a thick and symmetric 
rim (86 pm thickness) is seen surrounding an acellular core which is completely composed of acellular 
material. No blood vessels are seen and many macrophages are located on the surface around the cable. 
Scale bar (A, B) = 20 pm, (C) = 50 pm. Bodian stain 
Figure 4.11: Rat #5, a cable with complete sampling from the purple-marked lumen (collagen inside) in animal 
#923M8C05. (A): proximal section (5RPP), (B); middle section (5RMP), (C): distal section (5RDP). In the 
proximal section, a thin and symmetric rim (12 pm thickness) is seen surrounding a cellular core. Schwann 
cells and Schwann cell columns are seen in the core. Acellular material is also observed at the center of the 
core area. No blood vessels are seen and only a few macrophages are observed on the outside surface of 
the cable. In the middle section, two elliptical cables are seen. One of the cables has a thin and symmetric 
rim (9 pm thickness) surrounding a cellular core. Acellular material is seen at the center of the core area. No 
blood vessels are seen and only a few macrophages are observed on the surface of the cable. The second 
cable is less developed and is almost completely composed of a gel matrix in which only a few macrophages 
are seen. In the distal section, a thin and symmetric rim (15 pm thickness) is seen surrounding a cellular 
core. Acellular material is also observed at the center of the core area. No blood vessels are seen and only a 
few macrophages are observed on the outside surface of the cable. Scale bar (A, B, C) = 20 pm. Bodian 
stain 
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Figure 4.12: Rat #6, a cable with complete sampling from the orange-marked lumen (collagen inside) in animal 
#923M8C06. (A); proximal section (6RP0), (B): middle section (6RM0), (C); distal section (6RD0). All the 
three sections are composed of a gel matrix in which only blood cells are seen. Scale bar (A, B, C) = 20 pm. 
Bodian stain 
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less organized than the distal) (Figure 4.9A) and distal sections (Figure 4.9C) 
compared to the middle section (Figure 4.9B) with a core completely composed 
of acellular material. A cable seen in the blue-marked lumen in animal 
#923M8C04 (Figures 4.1 OA - 4.IOC) had a cellular organization in the proximal 
but was poorly developed in the middle (Figure 4.1 OB) and distal sections 
(Figure 4.IOC) and showed a cable core in the middle and distal sections that 
was largely occupied by acellular material. The proximal section (Figure 4.1 OA) 
had a highly vascularized core compared to the middle or the distal sections 
where no blood vessels were apparent. 
Animal #923M8C04 also provided an opportunity to study the differences 
between samples obtained from the same environments in the same animal. 
Cables obtained from the purple-marked lumens (Figures 4.9A - 4.9C) and 
those from the blue-marked lumen (Figure 4.1 OA - 4.1 OC) had a similar cellular 
organization in their proximal and middle sections. However, morphological 
differences were noted in their distal sections. The distal section in the purple-
marked lumen (Figure 4.9C) had a thin rim surrounding a highly cellular and 
vascularized core. By comparison, the distal section in the blue-marked lumen 
(Figure 4.1 OC) had a thick rim surrounding a core which almost completely 
composed of acellular material. Thus, deviations were seen in the samples 
even when they were obtained from the same growth environment in the same 
animal. 
Environment comparisons for the cables with complete sampling Cable 
sections from the mixture-filled lumens and from the collagen-filled lumens 
could be compared in a single animal in #923M8C04 and #923M8C05. In 
animal #923M8C04, the cables from the mixture-filled lumens (Figures 4.5A -
1 1 7  
4.5E) and those from the collagen-filled lumens (Figures 4.9A - 4.9C, 4.10A -
4.IOC) had a similar cellular organization in their proximal sections (Figures 
4.5A, 4.9A, 4.10A). However, a more advanced structure was seen in the middle 
(Figure 4.5B) and distal sections (Figures 4.5D, 4.5E) in the cables from the 
mixture-filled lumens as compared to those from the collagen-filled lumens 
(Figures 4.9B, 4.9C, 4.1 OB, 4.1 OC). The cable sections from the mixture-filled 
lumens always had a organized rim surrounding a cellular core. In contrast, the 
majority of cable sections from the collagen-filled lumens had a core which was 
largely composed of acellular material. Cellular components were sparse in the 
acellular core. In animal #923M8C05, the cable sections from the mixture-filled 
lumens (Figures 4.6A - 4.6C) also displayed a more organized and mature 
structure as compared to those from the collagen-filled lumens (Figures 4.11A -
4.11C). All the cable sections from the mixture-filled lumens (Figures 4.6A -
4.6C) had a well-developed rim surrounding a highly cellular core. In addition, 
strands of perineurium which are commonly seen in normal sciatic nerves had 
formed in the distal section (Figure 4.6C) subdividing cellular components into 
several cellular units. By comparison, all the cable sections from the collagen-
filled lumens in animal #923M8C05 (Figures 4.11A - 4.11C) had a core in which 
at least half of the area was the acellular regions. Cellular components were 
non-uniformly distributed between the acellular regions and the rim of the cable 
(i.e., the acellular material in cores was usually not concentrated in the center of 
the cores). 
Overall comparisons also showed that the cable sections from the 
mixture-filled lumens had a more advanced cellular organization as compared 
to that seen in the sections from the collagen-filled lumens. Specifically, the 
most obvious morphological differences were seen in the middle sections from 
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the collagen-filled lumens where no blood vessels were observed and a large 
fraction of the core area was acellular compared with the mixture-filled lumens 
where the cable cores were primarily cellular in nature and several blood 
vessels were seen. In addition, regenerated cable sections in one of the 
collagen-filled lumens (orange-marked lumen in animal #923M8C06, Figures 
4.12A - 4.12C) were still In an amorphous state in that they were completely 
composed of the residue of a gel matrix and numerous blood cells. 
Cables with complete and partial sampling in the mixture-filled lumens Due to 
the handling difficulties during the histological preparation processes, several 
subsamples were lost. However, it is still useful to include cables with partial 
sampling with the morphological observations of the growth trends of cables 
with complete sampling. Those cables with partial sampling are used to study 
whether or not there were similar or different growth patterns as those seen in 
the cables with complete sampling. 
Cables with partial sampling were seen in the red-marked lumen in 
animal #923M8C06 (Figures 4.15A, 4.15B) and #923M8C09 (Figures 4.17A, 
4.17B), in the yellow-marked lumen in animal #923M8C06 (Figure 4.16), 
#923M8C09 (Figure 4.18), #923M8C10 (Figure 4.19), and #923M8C12 (Figure 
4.20), and in green-marked lumen in animal #923M8C04 (Figure 4.13) and 
#923M8C05 (Figures 4.14A, 4.14B). A narrowing trend in the middle segment of 
regenerated cables was somewhat more apparent when those cables with 
partial sampling were included, such as seen in the cables in the green-marked 
lumen in animal #923M8C05 (Figures 4.14A, 4.14B) and in the red-marked 
lumen in animal #923M8C09 (Figures 4.17A, 4.17B). Macrophages were still 
seen on the surface of the majority of cable sections. The proximal cable section 
Figure 4.13; Rat #4, a cable with partial sampling from the middle location (4RMG) in the green-marked lumen 
(mixture Inside) In animal #923M8C04. A symmetric rim (18 pm thickness) Is seen surrounding a core 
which is almost completely composed of acellular material. Only a few Schwann cells are observed in 
the core. Macrophages are seen on the surface of the cable. Scale bar = 20 |jm. Bodian stain 
Figure 4.14: Rat #5, a cable with partial sampling from the green-marked lumen (mixture inside) in animal 
#923M8C05. (A): middle section (5RMG), (B): distal section (5RDG). In the middle section, a symmetric 
rim (19 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, Schwann cell 
columns, and blood vessels are seen in the core. Acellular material is also seen occupying 20% of the 
core area. Macrophages are located on the surface of the cable. In the distal section, a thick and 
symmetric rim (37 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, 
Schwann cell columns, and blood vessels seen in the core are subdivided into several cellular units by 
strands of the perineurium. Macrophages are localized on the surface of the cable. Scale bar (A, B) = 
20 pm. Bodian stain 
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Figure 4.15: Rat #6, a cable with partial sampling from the red-marked lumen (mixture inside) in animal #923M8C06. 
(A): proximal section (6RPR), (B): distal section (6RDR). In the proximal section, a symmetric rim (20 pm 
thickness) is seen surrounding a core which is completely composed of a fibrin matrix. The fibrin matrix is 
denser in the peripheral region than at the center of the cable. No blood vessels or macrophages are seen 
In the distal section, a structure which is composed of residue of a gel matrix and numerous blood cells is 
seen. Scale bar (A, B) = 20 ijm. Bodian stain 
Figure 4.16: Rat #6, a cable with partial sampling from the distal location (6RDY) in the yellow-marked lumen 
(mixture inside) in animal #923M8C06. A cable with two different structures is seen. Half of the cable 
is full of a flocculated fibrin matrix. The other half of the cable is primarily occupied by acellular 
material. Macrophages are seen on the outside surface of the cable. Scale bar = 20 pm. Bodian stain 
Figure 4.17: Rat #9, a cable with partial sampling from the red-marked lumen (mixture inside) in animal #923M8C09. 
(A, C, D): proximal section (9RPR), (B): middle section (9RMR). In the proximal section, a thick and 
symmetric rim (22 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, 
Schwann cell columns, and blood vessels are seen in the core. In addition, regeneration units containing 
clusters of Schwann cells and what appear to be axonal profiles are seen in the core (see Figure 4.17C 
for details, RU = regeneration unit). These regeneration units are in the shape of teardrop and are 
approximately 20 pm in diameter. Macrophages are located on the surface of the cable. In the middle 
section, a symmetric rim (16 pm thickness) is seen surrounding a cellular core. Acellular material 
(occupying approximately 20% of the core area) is also seen at the periphery of the core. Only few 
blood vessels and no macrophages are observed in the cable. Within the regeneration unit (RU) shown 
in the image (C), what appear to be axonal profiles stain darkly in the Bodian stain image; however, they 
do not stain in comparable magnification images using toluidine blue stain, such as (D). Also note that the 
strands of perineurium outlining the regeneration units do not appear to have significant stain precipitate 
artifacts in them in the Bodian stain images (e.g., high magnification view of C). Scale bar (A, B) = 20 pm, 
(C) = 10 pm. Bodian stain; Scale bar (D) = 10 pm. Toluidine blue stain 
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Figure 4.18: Rat #9, a cable with partial sampling from the proximal location (9RPY) in the yellow-marked lumen 
(mixture inside) in animal #923M8C09. A symmetric rim (14 pm thickness) is seen surrounding a cellular 
core. Schwann cells, Schwann cell columns, and a few blood vessels are seen in the core. A small 
amount of acellular material (approximately 5% of the core area) is seen at the periphery of the core. 
Only a few macrophages are scattered on the outside surface of the cable. Scale bar = 20 pm. Bodian 
stain 
Figure 4.19; Rat #10, a cable with partial sampling from the proximal location (10RPY) in the yellow-marked lumen 
(mixture inside) in animal #923M8C10. Undetermined material which could be a flocculated fibrin matrix 
is seen in the core of the cable. Scale bar = 20 pm. Bodian stain 
Figure 4.20: Rat #12, a cable with partial sampling from the distal location (12RDY) in the yellow-marked lumen 
(mixture inside) in animal #923M8C12. A cable is seen which is completely composed of a fibrin matrix 
Only a few macrophages are seen in the cable. Scale bar = 20 |jm. Bodian stain 
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in the red-marked lumen in animal #923M8C09 (Figure 4.17A) had a well-
organized rim surrounding a cellular and vascularized core in which clusters of 
Schwann cells which appeared to contain axonal profiles (regeneration units) 
were observed (Figure 4.17C). This Schwann cell-axon compartmentalization 
had the typical appearance of "regenerating units" (Morris et al., 1972). The 
distal cable section in the green-marked lumen in animal #923M8C05 (Figure 
4.14C) had a core in which the cellular components were subdivided by strands 
of perineurium Into several cellular units. Large acellular regions were 
observed in several of the cables with partial sampling. The acellular regions 
were always seen in the core of the cable. 
As seen in the cables with complete sampling, there are examples where 
either the proximal or the distal cable sections tended to show a more advanced 
structure compared to that seen In the middle section when the cables with 
partial sampling were included in comparisons. Examples could be seen in the 
cables in the green-marked lumen in animal #923M8C05 (Figures 4.14A, 
4.14B) and in the red-marked lumen in animal #923M8C09 (Figures 4.17A, 
4.17B) where the proximal and distal sections had a more organized core 
compared to that seen in the middle section. In addition, animal #923M8C06 
provided an example in a relatively eariy stage in cable development showing 
the proximal cable section in the red-marked lumen (Figure 4.15A) had a more 
advanced structure compared to that seen in the distal section (Figure 4.15B). In 
this particular animal, the proximal cable section (Figure 4.15A) had formed a 
well-developed rim surrounding a core which was completely composed of a 
fibrin matrix. By comparison, the distal section (Figure 4.15B) was still primarily 
in an amorphous state in that it was completely composed of a gel matrix and 
numerous blood cells. 
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Animals #923M8C04 (Figures 4.5B, 4.13), #923M8C05 (Figures 4.6B, 
4.14A: Figures 4.6C, 4.14B), #923M8C06 (Figures 4.15B, 4.16), #923M8C09 
(Figures 4.17A, 4.18), #923M8C10 (Figures 4.19, 4.7A), and #923M8C12 
(Figures 4.20, 4.8C) also provided an opportunity to study the differences 
between samples obtained from the same environments in the same animal. As 
seen in the cables with complete sampling, large variations were still noted 
among cable sections obtained from the same growth environment when 
including the cables with partial sampling for comparisons in all the animals. 
For example, the middle cable section in a mixture-filled lumen (yellow-marked) 
in animal #923M8C04 (Figure 4.5B) had a cellular core in which Schwann cells 
and Schwann cell columns were readily observed. By comparison, the core of 
the section obtained from another mixture-filled lumen (green-marked) in the 
same animal (#923M8C04; Figure 4.13) was almost completely composed of 
acellular material. Not only the cellular organization in the core, but also the 
size between cable sections, was different even though they were obtained 
from the same environment in the same animal. An example is seen in animal 
#923M8C09 in which the proximal cable section in the red-marked lumen 
(mixture inside; Figure 4.17A) had a diameter larger than 250 jim. By 
comparison, a much smaller cable section (approximately 130 jim in diameter) 
is seen at the same location inside the cuff with the same chemical (yellow-
marked; mixture inside) in the same animal (animal #923M8C09; Figure 4.18). 
Cables with complete and partial sampling in the collagen-filled lumens 
Cables with partial sampling were seen in the purple-marked lumen in 
animal #923M8C06 (Figures 4.24A, 4.24B), #923M8C09 (Figure 4.26), 
#923M8C10 (Figures 4.29A, 4.29B), and #923M8C12 (Figure 4.32), in the 
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orange-marked lumen in animal #923M8C04 (Figures 4.21 A, 4.21 B), 
#923M8C05 (Figure 4.22), #923M8C09 (Figures 4.27A, 4.27B), and 
#923M8C10 (Figure 4.30), and in blue-marked lumen in animal #923M8C05 
(Figures 4.23A, 4.23B), #923M8C06 (Figures 4.25A, 4.25B), #923M8C09 
(Figure 4.28), and #923M8C10 (Figures 4.31 A, 4.31 B). The tapering trend in the 
middle segment of regenerated cables was also evident in some of the partial 
sampling cases and was observed in the orange-marked lumen in animal 
#923M8C04 (Figures 4.21 A, 4.21 B) and #923M8C09 (Figures 4.27A, 4.27B), in 
the blue-marked lumen in animal #923M8C06 (Figures 4.25A, 4.25B), and in 
the purple-marked lumen in animal #923M8C06 (Figures 4.24A, 4.24B). 
Macrophages were seen on the outside cable surface in the majority of cable 
sections. In the proximal section in the blue-marked lumen in animal 
#923M8C05 (Figure 4.23A), in the proximal section in the orange-marked 
lumen in animal #923M8C09 (Figure 4.27A), and in the proximal section in the 
blue-marked lumen in animal #923M8C09 (Figure 4.28A), features resembling 
axonal profiles were seen. Multiple fascicles were observed in the middle 
section in the orange-marked lumen in animal #923M8C09 (Figure 4.27B). In 
this particular section, a central fascicle which had a well-organized rim 
surrounding a cellular core was surrounded by three immature fascicles which 
were composed of a gel matrix and few macrophages. Figure 4.31 B shows a 
cable section at the middle location inside the cuff which had regenerated in a 
collagen-filled lumen (blue-marked) in animal #923M8C10. The rim structure 
had formed, surrounding the inner core of the cable. However, the proximal 
section of the same cable shown in Figure 4.31 A had a relatively immature 
structure which was almost completely composed of a fibrin matrix. Therefore, 
this is an example where the rim structure can form in the middle portions of a 
Figure 4.21: Rat #4, a cable with partial sampling from the orange-marked lumen (collagen inside) in animal #923M8C04. 
(A): middle section (4RM0), (B): distal section (4RD0). In the middle section, a thick and symmetric rim 
(36 pm thickness) is seen surrounding a core which is completely composed of acellular material. 
Macrophages are located on the surface of the cable. In the distal section, a thick and symmetric rim 
(54 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, Schwann cell 
columns and blood vessels are observed in the core. Acellular material is also seen in the core occupying 
approximately 20% of the area. Macrophages are not observed in the cable in this section. Scale bar (A, B) 
= 20 pm. Bodian stain 
Figure 4.22: Rat #5, a cable with partial sampling from the distal location (5RD0) in the orange-marked lumen 
(collagen inside) in animal #923M8C05. A cable is seen which is completely composed of acellular 
material. Numerous macrophages are located at the periphery of the cable. Scale bar = 20 |jm. Bodian 
stain 
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Figure 4.23; Rat #5, a cable with partial sampling from the blue-marked lumen (collagen inside) in animal 
#923M8C05. (A): proximal section (5RPB), (B); distal section (5RDB). In the proximal section, a thin and 
symmetric rim (7 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, 
Schwann cell columns, and blood vessels are seen in the core. Only a few macrophages are seen on the 
outside surface of the cable. In the distal section, a thick and symmetric rim (40 pm thickness) is seen 
surrounding a cellular and vascularized core. Acellular material is also observed in the core occupying 
approximately half of the area. Macrophages are located on the surface of the cable. Scale bar (A, B) = 
20 pm. Bodian stain 
Figure 4.24: Rat #6, a cable with partial sampling from the purple-marked lumen (collagen inside) in animal 
#923M8C06. (A): middle section (6RMP), (B): distal section (6RDP). In the middle section, a thick and 
symmetric rim (69 pm thickness) is seen surrounding a core which is completely composed of acellular 
material. Macrophages are located on the surface of the cable though they are not seen in this view. In the 
distal section, a thick and symmetric rim (78 pm thickness) is also seen surrounding a core which is 
completely composed of acellular material. Blood vessels and macrophages are not observed in the cable 
in this section. Scale bar (A, B) = 20 pm. Bodian stain 
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Figure 4.25: Rat #6, a cable with partial sampling from the blue-marked lumen (collagen inside) in animal #923M8C06. 
(A): proximal section (6RPB), (B): middle section (6RMB). In the proximal section, a cable is seen which 
is completely composed of residue of a gel matrix and numerous blood cells. In the middle section, a 
thick and symmetric rim (42 pm thickness) is seen surrounding a core which is completely composed of 
acellular material. Macrophages are seen on the outside surface of the cable. Scale bar (A, B) = 20 pm. 
Bodian stain 
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Figure 4.26: Rat #9, a cable with partial sampling from the proximal location (9RPP) in the purple-marked lumen 
(collagen inside) in animal #923M8C09. A thin and symmetric rim (5 jjm thickness) is seen surrounding 
a core which is completely composed of acellular material. Several macrophages are seen outside the 
cable. Scale bar = 20 jjm. Bodian stain 
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Figure 4.27: Rat #9, a cable with partial sampling from the orange-marked lumen (collagen inside) in animal 
#923M8C09. (A): proximal section (9RP0), (B): middle section (9RM0). In the proximal section, a thin and 
symmetric rim (14 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells, 
Schwann cell columns, and blood vessels are seen in the core. In addition, features that resemble the 
axonal profiles are observed. Only a few macrophages are localized on the surface of the cable. In the 
middle section, a well-developed cable is surrounded by three less mature fascicles. In the well-developed 
cable, a symmetric rim (22 pm thickness) is seen surrounding a cellular core. Schwann cells and Schwann 
cell columns are seen in the core in which approximately 20% of the area is occupied by acellular material. 
Blood vessels are not seen in this cable. The three immature fascicles are composed of residue of a gel 
matrix and macrophages. Scale bar (A, B) = 20 pm. Bodian stain 
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Figure 4.28: Rat #9, a cable with partial sampling from the proximal location (9RPB) in the blue-marked lumen 
(collagen inside) in animal #923M8C09. A thin and symmetric rim (5 |jm thickness) is seen surrounding 
a cellular and vascularized core. Schwann cells and blood vessels are seen in the core. Only a few 
macrophages are located on the surface of the cable. Scale bar = 20 |jm. Bodian stain 
Figure 4.29; Rat #10, a cable with partial sampling from the purple-marked lumen (collagen inside) in animal 
#923M8C10. (A): middle section (10RMP), (B); distal section (10RDP). In the middle section, a cable is 
seen which is completely composed of a fibrin matrix. In the distal section, a thick and symmetric rim 
(26 ijm thickness) is seen surrounding a cellular core. Most of the Schwann cells and Schwann cell 
columns are observed at the periphery of the core in which the central region is occupied by acellular 
material. Macrophages are not seen in the cable in this section. Scale bar (A, B) = 20 pm. Bodian stain 
Figure 4.30: Rat #10, a cable with partial sampling from the middle location (10RMO) in the orange-marked lumen 
(collagen Inside) in animal #923M8C10. This section is composed of a fibrin matrix. Blood vessels and 
macrophages are not seen in the cable. Scale bar = 20 pm. Bodian stain 
Figure 4.31: Rat #10, a cable with partial sampling from the blue-marked lumen (collagen inside) in animal #923M8C10. 
(A): proximal section (10RPB), (B): middle section (10RMB). In the proximal section, a cable is seen which 
is completely composed of a fibrin matrix with only a few Schwann cells in the matrix. Blood vessels and 
macrophages are not seen in the cable. In the middle section, a thick and symmetric rim (69 fjm thickness) 
is seen surrounding a core which is composed of almost all acellular material. Only a few Schwann cells are 
seen in the core. Blood vessels and macrophages are not seen in the cable in this section. Scale bar (A, B) 
= 20 }jm. Bodian stain 
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Figure 4.32: Rat #12, a cable with partial sampling from the proximal location (12RPP) in the purple-marked lumen 
(collagen inside) in animal #923M8C12. A symmetric rim (24 pm thickness) is seen surrounding a core 
in which acellular material occupies approximately 90% of the area. Schwann cells and Schwann cell 
columns are also observed in the core. Blood vessels and macrophages are not seen in this cable. 
Scale bar = 20 pm. Bodian stain 
143 
cable before forming such a structure at the proximal end. A peripheral-to-
central maturation gradient is seen in the regenerated nerve cables such that 
the first regenerating cells migrating into the fibrin matrix usually appear in their 
peripheral regions while later, cells begin to invade the central locations of the 
matrix. Figure 4.29B is a representative image (distal location inside the purple-
marked lumen in animal #923M8C10, collagen inside) showing that 
regenerating cells migrate along the cable core periphery, yielding a 
circumferential cell pattern. 
Several cables from the collagen-filled lumens were found that had more 
developed proximal and distal sections compared to middle sections. Examples 
are seen in the orange-marked lumen in animal #923M8C04 (Figure 4.21 A) 
and #923M8C09 (Figure 4.27B) and the purple-marked lumen in animal 
#923M8C10 (Figure 4.29A) where the middle sections had a less developed 
core which was largely composed of acellular material or a fibrin matrix as 
compared to a cellular and/or vascularized core seen in the proximal (Figure 
4.27A) and distal sections (Figures 4.21 B, 4.29B). An advanced cellular 
organization was seen in the proximal section (Figure 4.23A) as compared to 
the distal section (Figure 4.23B) in animal #923M8C05. 
The differences between samples obtained from the same environment 
in the same animal can be studied in animal #923M8C04 (Figures 4.9A, 4.1 OA; 
Figures 4.9B, 4.21A, 4.10B; Figures 4.9C, 4.21B, 4.10C), #923M8C05 (Figures 
4.11 A, 4.23A; Figures 4.11C, 4.22, 4.23B), #923M8C06 (Figures 4.12A, 4.25A: 
Figures 4.24A, 4.12B, 4.25B: Figures 4.24B, 4.12C), #923M8C09 (Figures 4.26, 
4.27A, 4.28), and #923M8C10 (Figures 4.29A, 4.30, 4.31 B). In all of these 
animals, large variations were still seen among cable sections obtained from 
the same growth environment when including the cables with complete 
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sampling for comparisons. Examples in Figures 4.26, 4.27A, and 4.28 showed 
cable sections from the 3 same lumen environments (proximal location in the 
collagen-filled lumens) of same animal (#923M8C09). Two of the three sections 
shown in Figure 4.27A (orange-marked lumen) and Figure 4.28 (blue-marked 
lumen) had a well-developed structural organization. A thin, symmetric rim was 
seen surrounding a highly cellular core. In addition, blood vessels were also 
observed in both cables. However, the remaining one section shown in Figure 
4.26 (purple-marked lumen) had an acellular core which was completely 
occupied by acellular material. No cells or blood vessels could be found. 
Environment comparisons for the cables with complete and partial sampling 
Comparisons between cable sections from the mixture-filled lumens and 
from the collagen-filled lumens can be made in a single animal in animals 
#923M8C04 (Figures 4.5A, 4.9A, 4.10A: Figures 4.5B, 4.13, 4.9B, 4.21A, 4.10B: 
Figures 4.5C, 4.9C, 4.21 B, 4.10C), #923M8C05 (Figures 4.6A, 4.11 A, 4.23A: 
Figures 4.6B, 4.14A, 4.1 IB; Figures 4.6C, 4.14B, 4.11C, 4.22, 4.23B), 
#923M8C06 (Figures 4.15A, 4.12A, 4.25A; Figures 4.15B, 4.16, 4.24B, 4.12C), 
#923M8C09 (Figures 4.17A, 4.18, 4.26, 4.27A, 4.28; Figures 4.17B, 4.27B), 
#923M8C10 (Figures 4.19, 4.7A, 4.31 A; Figures 4.7B, 4.29A, 4.30, 4.31 B; 
Figures 4.7C, 4.29B), and #923M8C12 (Figures 4.8A, 4.32). As seen in the 
cables with complete sampling, a more advanced structure was seen in the 
cables from the mixture-filled lumens as compared to those from the collagen-
filled lumens in the majority of animals when including the cables with partial 
sampling for comparisons. For example, the proximal cable section from the 
mixture-filled lumen (red-marked) in animal #923M8C06 (Figure 4.ISA) had a 
well-developed rim surrounding a core which was composed of a fibrin matrix. 
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By comparison, both the proximal sections from the collagen-filled lumens 
(orange-marked, Figure 4.12A: blue-marked, Figure 4.25A) in the same animal 
(#923M8C06) were still in an early stage of regeneration since they were 
completely composed of a gel matrix and numerous blood cells. Similar 
advanced patterns were seen in the middle and distal sections in the majority of 
cables from the mixture-filled lumens compared to those from the collagen-filled 
lumens. For example, both the middle cable sections from the mixture-filled 
lumens in animal #923M8C05 (red-marked, Figure 4.6B; green-marked. Figure 
4.14A) had a rim surrounding a highly cellular core in which only a small region 
of acellular material was seen. In contrast, the core of the cable from the 
collagen-filled lumen (purple-marked. Figure 4.11 B) was largely occupied by 
acellular material (more than half of the area) which was devoid of cells. In the 
same animal (#923M8C05), both the distal cable sections from the mixture-filled 
lumens (red-marked. Figure 4.6C: green-marked. Figure 4.14B) had highly 
cellular and vascularized cores in which the cellular components were 
subdivided by strands of perineurium into several cellular units. However, all of 
the cable sections from the collagen-filled lumens (purple-marked, Figure 
4.11C; orange-marked, Figure 4.22; blue-marked, Figure 4.23B) displayed a 
core which was largely occupied by acellular material. 
Overall, comparisons in partial sampling examples still showed that the 
majority of cable sections from the mixture-filled lumens have a more advanced 
cellular organization as compared to the sections from the collagen-filled 
lumens. 
Stains Four toluidine blue stained images are provided for comparisons 
with Bodian stained images (Figures 4.5F, 4.6D, 4.8E, and 4.17D). These are all 
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for mixture filling examples: however, the same staining characteristics to be 
described apply to collagen filling examples as well. Figures 4.5A (Bodian 
stain) and F (toluidine blue stain) were for a cable location where probably few, 
if any axons, were present; however, note that macrophage, fibroblast, 
endothelial cell, and Schwann cell nuclei, and red blood cells in blood vessels 
stained darkly with both stains. Figures 4.6A (Bodian stain) and D (toluidine 
blue stain), 4.8A, D (Bodian stains) and E (toluidine blue stain), and 4.17A, C 
(Bodian stains) and D (toluidine blue stain) established that when axonal 
profiles or possible silver precipitate artifacts could be present (Figures 4.6A, 
4.8A, D, and 4.17A, C), only the Bodian stained images visualized these 
compared with the toluidine blue images (Figures 4.6D, 4.8E, and 4.17D). Note 
that In Figures 4.5A (Bodian stain) and F (toluidine blue stain), 4.6A (Bodian 
stain) and D (toluidine blue stain), 4.8D (Bodian stain) and E (toluidine blue 
stain), and 4.17C (Bodian stain) and D (toluidine blue stain), the relative 
densities of Schwann cell and fibroblast nuclei were similar when considered in 
these selected pair comparisons at comparable magnifications. 
Cables with crystals Crystal-like fibers are seen in some of the samples in 
animals #923M8C07 (Figures 33 - 35 for the cables in the mixture-filled lumens; 
Figures 41 - 43 for the cables in the collagen-filled lumens), #923M8C08 
(Figures 4.36, 4.37 for the cables in the mixture-filled lumens; Figures 44-46 for 
the cables in the collagen-filled lumens), and #923M8C11 (Figures 38 - 40 for 
the cables in the mixture-filled lumens; Figures 4.47, 4.48 for the cables in the 
collagen-filled lumens) where the cellular components trying to cross the gap 
from the proximal and distal sides could not be discemed at this cross section 
location. Nevertheless, a rim structure can still form, surrounding the inner core 
Figure 4.33: Rat #7, cable sections with crystals from the red-marked lumen (mixture inside) in animal #923M8C07. 
(A): proximal section (7RPR), (B): middle section (7RMR), (C); distal section (7RDR). In the proximal section, 
a wavy and symmetric rim (49 pm thickness) is seen surrounding a core which is almost completely 
composed of acellular material. Only a few Schwann cells (atypical appearance) are observed in the core in 
which a few blood vessels are also seen. Macrophages are not observed in the cable in this section. In the 
middle and distal sections, a structure which has crystals comprising a significant portion of the cross 
sectional area is seen. Scale bar (A, B, C) = 20 pm. Bodian stain 
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Figure 4.34: Rat #7, cable sections with crystals from the yellow-marked lumen (mixture inside) in animal #923M8C07. 
(A): proximal section (7RPY), (B): middle section (7RMY), (C): distal section (7RDY). In the proximal and 
distal sections, crystals are seen inside the rim, making up much of the core of the cable. In the middle 
section, a structure containing crystals is seen. Scale bar (A, B, C) = 20 pm. Bodian stain 
Figure 4.35; Rat #7, a cable section with crystals from the distal location (7RDG) in the green-marked lumen (mixture 
inside) in animal #923M8C07. A structure which is composed of crystals and numerous blood cells is 
seen. Scale bar = 20 pm. Bodian stain 
Figure 4.36: Rat #8, a cable section fronn the middle location (8RMR) in the red-marked lumen (mixture inside) 
animal #923M8C08. A structure is seen which is primarily composed of a fibrin matrix. Scale bar 
= 20 pm. Bodian stain 
Figure 4.37; Rat #8, a cable section from the middle location (8RMY) in the yellow-marked lumen (mixture inside) in 
animal #923M8C08. A structure is seen which is completely composed of residue of a gel matrix and 
macrophages. Scale bar = 20 pm. Bodlan stain 
Figure 4.38: Rat #11, cable sections with crystals from the red-marked lumen (mixture inside) in animal #923M8C11. 
(A): proximal section (11RPR), (B); middle section (11RMR), (C); distal section (11RDR). In the proximal 
section, a cable which is completely composed of a fibrin matrix is seen. Only a few Schwann cells and 
Schwann cell columns are observed in the matrix. In addition, several blood vessels are seen over the cable 
cross section. Macrophages are not observed. In the middle section, a structure containing crystals is seen. 
In the distal section, a symmetric rim (30 pm thickness) is seen surrounding a core in which acellular 
material occupies approximately 15% of the area. Schwann cells and Schwann cell columns are also 
observed in the core. Blood vessels and macrophages are not seen in the cable in this section. Scale bar 
(A, B, C) = 20 [jm. Bodian stain 
Figure 4.39; Rat #11, cable sections with crystals from the yellow-marked lumen (mixture inside) in animal 
#923M8C11. (A): proximal section (11RPY), (B); middle section (11RMY). In the proximal section, a 
symmetric rim (25 pm thickness) is seen surrounding a core in which acellular material occupies 
approximately half of the area. Only a few Schwann cells and Schwann cell columns are observed in the 
core. Blood vessels and macrophages are not seen in the cable in this section. In the middle section, a 
structure is seen in which much of the area is composed of crystals. Scale bar (A, B) = 20 pm. Bodian 
stain 
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Figure 4.40: Rat #11, cable sections with crystals from the green-marked lumen (mixture inside) In animal #923M8C11. 
(A): proximal section (11RPG), (B): middle section (11RMG), (C): distal section (11RDG). In the proximal 
section, a thin and symmetric rim (13 (jm thickness) is seen surrounding a cellular and vascularized core. 
Schwann cells, Schwann cell columns, and blood vessels are observed in the core in which a small amount 
acellular material is also seen occupying approximately 15% of the area. Macrophages are not observed in 
the cable in this section. In the middle section, a cable is seen which is primarily composed of a fibrin matrix 
and crystals. Crystals are scattered in the peripheral regions of the core. In the distal section, a symmetric 
rim (22 pm thickness) is seen surrounding a cellular core. Schwann cells, Schwann cell columns, and blood 
vessels are observed in the core in which a small amount acellular material is also seen occupying 
approximately 20% of the area. Macrophages are not observed in the cable in this section. Scale bar 
(A, B, C) = 20 pm. Bodian stain 
Figure 4.41; Rat #7. cable sections with crystals from the purple-marked lumen (collagen inside) in animal #923M8C07. 
(A); proximal section (7RPP). (B): middle section (7RMP), (C): distal section (7RDP). In the proximal 
section, crystals are seen inside the rim, making up much of the core of the cable. In the middle and distal 
sections, a structure containing crystals is seen. Scale bar (A. B, C) = 20 pm. Bodian stain 
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Figure 4.42; Rat #7. cable sections with crystals from the orange-marked lumen (collagen inside) in animal 
#923M8C07. (A), middle section (7RM0), (B); distal section (7RD0). In the middle and distal sections, a 
structure containing crystals is seen. Scale bar (A, B) = 20 pm. Bodian stain 
Figure 4.43; Rat #7, cable sections with crystals from the blue-marked lumen (collagen inside) in animal #923M8C07. 
(A): proximal section (7RPB), (B): middle section (7RMB), (C): distal section (7RDB). In the proximal 
section, a structure which is composed of a fibrin matrix and crystals Is seen. In the middle section, a 
structure containing crystals is observed. In the distal section, a structure containing crystals and blood 
cells is seen. Scale bar (A, B, C) = 20 pm. Bodian stain 
Figure 4.44; Rat #8, cable sections with crystals from the purple-marked lumen (collagen inside) in animal #923M8C08. 
(A): middle section (8RMP), (B); distal section (8RDP). In the middle section, a structure which is almost 
completely composed of a fibrin matrix is seen. In the distal section, a structure containing crystals is 
observed. Scale bar (A, B) = 20 pm. Bodian stain 
Figure 4.45: Rat #8, a cable section from the proximal location (8RP0) in the orange-marked lumen (collagen inside) 
in animal #923M8C08. A cable is seen which is composed of a fibrin matrix and crystals. Scale bar = 
20 pm. Bodian stain 
Figure 4.46: Rat #8, cable sections with crystals from the blue-marked lumen (collagen inside) in animal #923M8C08. 
(A): proximal section (8RPB), (B): middle section (8RMB). In the proximal section, a cable which is 
completely composed of a fibrin matrix is seen. Only a few macrophages are observed on the surface for 
this section. In the middle section, a structure which is composed of a fibrin matrix and crystals is seen. 
Scale bar (A, B) = 20 pm. Bodian stain 
Figure 4.47: Rat #11, cable sections with crystals from the purple-marked lumen (collagen inside) in animal #923M8C11. 
(A): proximal section (11RPP), (B): middle section (11RMP). In the proximal section, a thick and symmetric 
rim (35 pm thickness) is seen surrounding a cellular and vascularized core. Schwann cells and Schwann 
cell columns are observed in the core in which several blood vessels are also seen occupying most of the 
core area. Macrophages are not observed in the cable in this section. In the middle section, a structure 
which is composed of a fibrin matrix and crystals is seen. Scale bar (A, B) = 20 |jm. Bodian stain 
Figure 4.48: Rat #11, a cable section from the distal location (11RD0) in the orange-marked lumen (collagen inside) 
in animal #923M8C11. A symmetric rim (29 pm thickness) is seen surrounding a core in which acellular 
material is seen occupying approximately 2/3 of the area. Several Schwann cells and Schwann cell 
columns are observed in the core. Blood vessels and macrophages are not seen in the cable in this 
section. Scale bar = 20 |jm. Bodian stain 
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of the cable containing the crystals (Figure 4.34C). The formation of cellular 
subunits in the cable core seemed to be impaired by these crystals, yielding a 
less organized structure as compared to that seen in a nomnal regenerated 
cable. In addition, the number of blood vessels in several proximal sections 
(such as the proximal section inside the green-marked lumen in animal 
#923M8C11 (Figure 4.40A) and the proximal section inside the purple-marked 
lumen in animal #923M8C11 (Figure 4.47A)) in the contaminated cables was 
high. 
4.1.2.3 Distal location outside the gap region of the cuff 
Five circular cable bundles which came from the distal ends of the 
individual lumens that had cables regenerate across the gap were seen on a 
cross section of a distal nerve stump beyond the gap region from only one 
animal of seven (Figure 4.49A). Those circular cable bundles were embedded 
in a collagenous connective tissue matrix surrounded by the epineurium and 
the perineurium of the distal stump. The number of such cable bundles was 
determined by the number of the cables crossing the gap region within the 
multiple-lumen cuff. In addition, the histological structure in each of these cable 
bundles was similar to that of the cables in the distal gap regions inside the 
multiple-lumen cuffs. The central endoneurial and perineurial areas of the cable 
bundles were also surrounded by the epineurial tissue. Schwann cells, 
fibroblasts, endothelial cells, and blood vessels (with a size approximately 10 to 
100 |im in diameter) were seen in the cores and the areas among the cable 
bundles (Figure 4.49B). 
Figure 4.49: Light micrograph from the section at the distal location outside the gap. (A): Several circular cable 
bundles (CB) are formed within the cross section of the distal stump (animal #923M8C04 , toluidine 
blue stain). The rectangle shown in this figure encloses one of the cable bundles. Details of the 
cellular organizations in this cable bundle are shown in Figure 4.49B. (B); Schwann cells (SC) and 
blood vessels (BV) are seen in the core of the cable bundle. A rim structure with flattened fibroblasts 
(FB) is also seen at the periphery of the bundle (animal #923M8C04, Bodian stain). Scale bar (A) = 
100 pm, (B) = 20 pm 
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4.1.3 Quantitative results 
Table 4.4 lists quantitative measurements for each cable for the three 
sections in the gap regions. Measurements for each cable include the cross 
sectional area of the whole cable, the cross sectional area of the rim, the cross 
sectional area of the core, the cross sectional area of the acellular region, the 
cross sectional area of the blood vessels, the fraction for the rim area in the 
cable to total cable area, the fraction for the cable area to the lumen area, the 
fraction for the acellular region in the core to the core area, the number of 
cellular components in the core, the number of cellular components in the rim, 
and the number of blood vessels in the cable. The results are grouped 
according to the types of cables, including the cables with complete sampling, 
the cables with complete and partial sampling, and the cables with crystals. 
Means and standard deviations are also listed for the data from the three 
groups of cables. 
The results of statistical comparisons of the quantitative data are shown 
in the Appendix. Those comparisons include the overall sampling location 
comparisons for the cables with complete sampling (Table A.2), the overall 
sampling location comparisons for the cables with complete and partial 
sampling (Table A.3), the overall environment comparisons for the cables with 
complete sampling (Table A.4), the overall environment comparisons for the 
cables with complete and partial sampling (Table A.5), the location 
comparisons for the cables with complete sampling in a single animal (Table 
A.6), the environment comparisons for the cables with complete sampling in a 
single animal (Table A.7), the location comparisons for the cables with complete 
and partial sampling in a single animal (Table A.8), the environment 
comparisons for the cables with complete and partial sampling in a single 
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Table 4.4: Quantitative data from regenerated cables 
Cable Animal Lumen Cross Sectional Area of the Whole Cable (um^) 
Type Number Designation* Pd)" M(l) D(l) 
Complete #923M8C04 Blue 52626.7 17673.5 66566.5 
Sampling Purple 41020.3 22033.1 31932.2 
(Collagen) #923M8C05 Purple 24048.7 18288.3 15329.3 
#923M8C06 Orange 147789.8 38382.0 170804.9 
Complete Sampling Mean 66371.4 24094.2 71158.2 
(Collagen) Stand. Dev. 55533.1 9718.1 69776.1 
Complete #923M8C04 Yellow 26195.5 21410.8 115361.0 
Sampling #923M8C05 Red 20835.8 20547.7 71048.5 
(Mixture) #923M8C10 Green 32208.4 82246.9 49933.3 
#923M8C12 Green 81505.7 24693.9 63224.3 
Complete Sampling Mean 40186.4 37224.8 74891.8 
(Mixture) Stand. Dev. 27935.1 30067.8 28352.5 
Partial #923M8C04 Orange N/A' 27074.8 63830.5 
Sampling #923M8C05 Orange N/A N/A 26532.1 
(Collagen) Blue 42323.2 N/A 69519.1 
#923M8C06 Blue 126226.4 33944.2 N/A 
Purple N/A 51065.8 59572.4 
#923M8C09 Orange 45100.0 18478.5 N/A 
Blue 28881.0 N/A N/A 
Purple 2576.1 N/A N/A 
#923M8C10 Orange N/A 109866.3 N/A 
Blue 46533.7 40403.8 N/A 
Purple N/A 125027.7 37791.4 
#923M8C12 Purple 21825.2 N/A N/A 
Complete and Partial Mean 52631.9 45658.0 60208.7 
Sampling (Collagen) Stand. Dev. 44319.2 37207.1 45856.5 
• Collagen filled In the lumens marked with orange, blue, and purple; Mixture filled in the 
lumens marked with green, red. and yellow. 
° P(l) = Proximal location in the gap region; M(l) = Middle location in the gap region: 
D(l) = Distal location in the gap region. 
= N/A = Not available. 
' OR = Crystals inside. 
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Table 4.4: Continued 
Cable Animal Lumen Cross Sectional Area of the Whole Cable (um^) 
Type Number Designation P(l) M(I) D(l) 
Partial #923M8C04 Green N/A 47232.0 N/A 
Sampling #923M8C05 Green N/A 28674.3 43752.8 
(Mixture) #923M8C06 Red 108575.0 N/A 115671.1 
Yellow N/A N/A 49429.4 
#923M8C09 Red 75897.2 15728.8 N/A 
Yellow 14062.3 N/A N/A 
#923M8C10 Yellow 77394.4 N/A N/A 
#923M8C12 Yellow N/A N/A 31483.8 
Complete and Partial Mean 54584.3 34362.1 67488.0 
Sampling (Mixture) Stand. Dev. 35258.0 23417.2 31933.5 
Cables with #923M8C07 Orange N/A CR" CR 
Crystals Blue CR CR CR 
(Collagen) Purple 89678.7 CR CR 
#923M8C08 Orange 53826.6 N/A N/A 
Blue CR CR N/A 
Purple N/A 52782.2 CR 
#923M8C11 Orange N/A N/A 43642.4 
Purple 33071.8 CR N/A 
Cables with Crystals Mean 58859.0 52782.2 43642.4 
(Collagen) Stand. Dev. 28637.0 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 46653.7 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 76147.1 N/A 
Yellow N/A 6463.7 N/A 
#923M8C11 Green 81505.7 CR 35538.9 
Red 141429.9 CR 51966.1 
Yellow 23386.8 CR N/A 
Cables with Crystals Mean 73244.0 41305.4 43752.5 
(Mixture) Stand. Dev. 51349.6 49273.6 11615.8 
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Table 4.4: Continued 
Cable Animal Lumen Cross Sectional Area of the Rim (nrr f )  
Type Number Designation P(I) M(l) D(l) 
Complete #923M8C04 Blue t5664.8 8973.6 55552.4 
Sampling Purple 12685.4 10634.9 1256.6 
(Collagen) #923M8C05 Purple 5937.1 3327.4 5974.3 
#923M8C06 Orange 0.0 0.0 0.0 
Complete Sampling Mean 8571.8 5734.0 15695.8 
(Collagen) Stand. Dev. 7015.5 4939.1 26695.2 
Complete #923M8C04 Yellow 17331.2 13675.7 42409.0 
Sampling #923M8C05 Red 4416.7 7674.4 34289.0 
(Mixture) #923M8C10 Green 12306.5 2434.7 26633.2 
#923M8C12 Green 25597.5 13130.0 0.0 
Complete Sampling Mean 14913.0 9228.7 25832.8 
(Mixture) Stand. Dev. 8887.7 5277.9 18387.1 
Partial #923M8C04 Orange N/A 16885.9 39457.3 
Sampling #923M8C05 Orange N/A N/A 0.0 
(Collagen) Blue 5059.2 N/A 32168.4 
#923M8C06 Blue 0.0 21779.6 N/A 
Purple N/A 40290.9 48372.8 
#923M8C09 Orange 9588.0 3716.5 N/A 
Blue 3063.1 N/A N/A 
Purple 831.7 N/A N/A 
#923M8C10 Orange N/A 36216.0 N/A 
Blue 0.0 34302.8 N/A 
Purple N/A 0.0 15704.4 
#923M8C12 Purple 10758.4 N/A N/A 
Complete and Partial Mean 5780.7 16011.6 22054.0 
Sampling (Collagen) Stand. Dev. 5633.1 15065.0 22147.7 
Partial #923M8C04 Green N/A 12719.1 N/A 
Sampling #923M8C05 Green N/A 10496.0 23238.8 
(Mixture) #923M8C06 Red 21761.0 N/A 0.0 
Yellow N/A N/A 0.0 
#923M8C09 Red 19670.5 6428.7 N/A 
Yellow 5335.6 N/A N/A 
#923M8C10 Yellow 0.0 N/A N/A 
#923M8C12 Yellow N/A N/A 0.0 
Complete and Partial Mean 13302.4 9508.4 15821.3 
Sampling (Mixture) Stand. Dev. 9257.2 4176.4 17813.0 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 0.0 CR CR 
#g23M8C08 Orange 16879.8 N/A N/A 
Blue CR CR N/A 
Purple N/A 0.0 CR 
#923M8C11 Orange N/A N/A 18730.0 
Purple 18883.1 CR N/A 
Cables with Crystals Mean 11921.0 0.0 18730.0 
(Collagen) Stand. Dev. 10372.3 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 29750.1 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0.0 N/A 
Yellow N/A 0.0 N/A 
#923M8C11 Green 12874.9 CR 13020.0 
Red 0.0 CR 21697.1 
Yellow 11375.0 CR N/A 
Cables with Crystals Mean 13500.0 0.0 17358.6 
(Mixture) Stand. Dev. 12264.1 0.0 6135.6 
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Table 4.4: Continued 
Cable Animal Lumen Cross Sectional Area of the Core (nm^) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 36961.9 8699.9 11014.1 
Sampling Purple 28334.9 11398.2 30675.6 
(Collagen) #923M8C05 Purple 18111.6 14960.9 9355.0 
#923M8C06 Orange 147789.8 38382.0 170804.9 
Complete Sampling Mean 57799.6 18360.3 55462.3 
(Collagen) Stand. Dev. 60486.2 13591.9 77502.3 
Complete #923M8C04 Yellow 8864.3 7735.1 72952.0 
Sampling #923M8C05 Red 16419.1 12873.3 36759.5 
(Mixture) #923M8C10 Green 19901.9 79812.2 23300.1 
#923M8C12 Green 15731.0 11563.9 63224.3 
Complete Sampling Mean 15229.1 27996.1 49059.0 
(Mixture) Stand. Dev. 4619.3 34612.8 22995.1 
Partial #923M8C04 Orange N/A 10188.9 24373.2 
Sampling #923M8C05 Orange N/A N/A 26532.1 
(Collagen) Blue 37264.0 N/A 37350.7 
#923M8C06 Blue 126226.4 12164.6 N/A 
Purple N/A 10774.9 11199.6 
#923M8C09 Orange 35512.0 14762.0 N/A 
Blue 25817.9 N,'A N/A 
Purple 1744.4 N/A N/A 
#923M8C10 Orange N/A 73650.3 N/A 
Blue 46533.7 6101.0 N/A 
Purple N/A 125027.7 22087.0 
#923M8C12 Purple 11066.8 N/A N/A 
Complete and Partial Mean 46851.2 29646.4 38154.7 
Sampling (Collagen) Stand. Dev. 46619.5 37301.4 50656.3 
Partial #g23M8C04 Green N/A 34512.9 N/A 
Sampling #g23M8C05 Green N/A 18178.3 20514.0 
(Mixture) #g23M8C06 •^ed 86814.0 N/A 115671.1 
Yellow N/A N/A 49429.4 
#923M8C09 Red 56226.7 9300.1 N/A 
Yellow 8726.7 N/A N/A 
#923M8C10 Yellow 77394.4 N/A N/A 
#923M8C12 Yellow N/A N/A 31483.8 
Complete and Partial Mean 36259.8 24853.7 51666.8 
Sampling (Mixture) Stand. Dev. 32155.2 25863.1 31832.0 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 89678.7 CR CR 
#923M8C08 Orange 36946.8 N/A N/A 
Blue CR CR N/A 
Purple N/A 52782.2 CR 
#923M8C11 Orange N/A N/A 24912.4 
Purple 14188.7 CR N/A 
Cables with Crystals Mean 46938.1 52782.2 24912.4 
(Collagen) Stand. Dev. 38724.1 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 16903.6 CR CR 
(Mixture) Yellow CR CR CR 
#g23M8C08 Red N/A 76147.1 N/A 
Yellow N/A 6463.7 N/A 
#923M8C11 Green 68630.8 CR 22518.9 
Red 141429.9 CR 30269.0 
Yellow 12011.8 CR N/A 
Cables with Crystals Mean 59744.0 41305.4 26394.0 
(Mixture) Stand. Dev. 60180.9 49273.6 5480.1 
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Table 4.4: Continued 
Cable Animal Lumen Cross Sectional Area of the Acellular Region (pm') 
Type Number Designation P(l) M(i) D(l) 
Complete #923M8C04 Blue 3881.0 8369.3 10669.9 
Sampling Purple 1914.0 6930.1 2859.6 
(Collagen) #923M8C05 Purple 3847.8 7639.9 3503.8 
#923M8C06 Orange 147789.8 38382.0 170804.9 
Complete Sampling Mean 39358.1 15330.3 46959.6 
(Collagen) Stand. Dev. 72293.6 15379.0 82639.4 
Complete #923M8C04 Yellow 0.0 0.0 0.0 
Sampling #923M8C05 Red 0.0 0.0 0.0 
(Mixture) #923M8C10 Green 19901.9 79812.2 14725.7 
#923M8C12 Green 0.0 0.0 63224.3 
Complete Sampling Mean 4975.5 19953.1 19487.5 
(Mixture) Stand. Dev. 9951.0 39906.1 29972.8 
Partial #923M8C04 Orange N/A 9924.0 6263.9 
Sampling #923M8C05 Orange N/A N/A 26532.1 
(Collagen) Blue 0.0 N/A 17368.1 
#923M8C06 Blue 126226.4 12164.6 N/A 
Purple N/A 51065.8 59572.4 
#923M8C09 Orange 0.0 8743.0 N/A 
Blue 0.0 N/A N/A 
Purple 1733.9 N/A N/A 
#923M8C10 Orange N/A 73650.3 N/A 
Blue 46533.7 36929.0 N/A 
Purple N/A 125027.7 17824.2 
#923M8C12 Purple 10314.3 N/A N/A 
Complete and Partial Mean 31112.8 34438.7 35044.3 
Sampling (Collagen) Stand. Dev. 54254.2 37355.1 53813.4 
Partial #923M8C04 Green N/A 31475.8 N/A 
Sampling #923M8C05 Green N/A 3435.7 2707.8 
(Mixture) #923M8C06 Red 86814.0 N/A 115671.1 
Yellow N/A N/A 49429.4 
#923M8C09 Red 0.0 2185.5 N/A 
Yellow 453.8 N/A N/A 
#923M8C10 Yellow 69964.5 N/A N/A 
#923M8C12 Yellow N/A N/A 31483.8 
Complete and Partial Mean 22141.8 16701.3 34655.3 
Sampling (Mixture) Stand. Dev. 35669.0 30068.7 40404.9 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 89678.7 CR CR 
#923M8C0a Orange 36946.8 N/A N/A 
Blue CP CR N/A 
Purple N/A 52782.2 CR 
#923M8C11 Orange N/A N/A 8819.0 
Purple 1234.4 CR N/A 
Cables with Crystals Mean 42620.0 52782.2 8819.0 
(Collagen) Stand. Dev. 44494.2 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 16278.2 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 74243.4 N/A 
Yellow N/A 6463.7 N/A 
#923M8C11 Green 10569.1 CR 4526.3 
Red 113992.5 CR 4449.5 
Yellow 8011.9 CR N/A 
Cables with Crystals Mean 37212.9 40353.6 4487.9 
(Mixture) Stand. Dev. 51302.9 47927.5 54.3 
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Table 4.4: Continued 
Cable Animal Lumen Cross Sectional Area of the Blood Vessels (^^y) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 2243.7 0.0 0.0 
Sampling Purple 1254.7 0.0 1144.2 
(Collagen) #923M8C05 Purple 0.0 0.0 0.0 
#923M8C06 Orange 0.0 0.0 0.0 
Complete Sampling Mean 874.6 0.0 286.1 
(Collagen) Stand. Dev. 1087.6 0.0 572.1 
Complete #923M8C04 Yellow 365.5 0.0 4115.1 
Sampling #923M8C05 Red 1370.1 0.0 1543.4 
(Mixture) #923M8C10 Green 0.0 0.0 0.0 
#923M8C12 Green 670.0 436.3 0.0 
Complete Sampling Mean 601.4 109.1 1414.6 
(Mixture) Stand. Dev. 581.1 218.2 1941.8 
Partial #923M8C04 Orange N/A 0.0 2039.1 
Sampling #923M8C05 Orange N/A N/A 0.0 
(Collagen) Blue 2247.6 N/A 5470.6 
#g23M8C06 Blue 0.0 0.0 N/A 
Purple N/A 0.0 0.0 
#923M8C09 Orange 1746.8 0.0 N/A 
Blue 1013.3 N/A N/A 
Purple 0.0 N/A N/A 
#923M8C10 Orange N/A 0.0 N/A 
Blue 0.0 0.0 N/A 
Purple N/A 0.0 0.0 
#923M8C12 Purple 0.0 N/A N/A 
Complete and Partial Mean 773.3 0.0 961.5 
Sampling (Collagen) Stand. Dev. 957.1 0.0 1839.6 
Partial #923M8C04 Green N/A 0.0 N/A 
Sampling #923M8C05 Green N/A 1621.2 95.0 
(Mixture) #923M8C06 Red 0.0 N/A 0.0 
Yellow N/A N/A 0.0 
#923M8C09 Red 880.7 168.7 N/A 
Yellow 140.6 N/A N/A 
#923M8C10 Yellow 0.0 N/A N/A 
#923M8C12 Yellow N/A N/A 0.0 
Complete and Partial Mean 428.4 318.0 719.2 
Sampling (Mixture) Stand. Dev. 505.3 597.1 1473.0 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 0.0 CR CR 
#923M8C08 Orange 0.0 N/A N/A 
Blue CR CR N/A 
Purple N/A 0.0 CR 
#923M8C11 Orange N/A N/A 0.0 
Purple 4607.7 CR N/A 
Cables with Crystals Mean 1535.9 0.0 0.0 
(Collagen) Stand. Dev. 2660.3 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 2002.9 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0.0 N/A 
Yellow N/A 0.0 N/A 
#923M8C11 Green 2435.3 CR 163.0 
Red 3271.5 CR 0.0 
Yellow 69.8 CR N/A 
Cables with Crystals Mean 1944.9 0.0 81.5 
(Mixture) Stand. Dev. 1356.4 0.0 115.3 
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Table 4.4; Continued 
Cable Animal Lumen Percentage of Rim Area to Total Cable Area (%) 
Type Number Designation P(l) M(l) D{l) 
Complete #923M8C04 Blue 29.8 50.8 83.5 
Sampling Purple 30.9 48.3 3.9 
(Collagen) #923M8C05 Purple 24.7 18.2 39.0 
#923M8C06 Orange 0.0 0.0 0.0 
Complete Sampling Mean 21.4 29.3 31.6 
(Collagen) Stand. Dev. 14.5 24.5 38.8 
Complete #923MaC04 Yellow 66.2 63.9 36.8 
Sampling #923M8C05 Red 21.2 37.3 48.3 
(Mixture) #923M8C10 Green 38.2 3.0 53.3 
#923M8C12 Green 61.9 53.2 0.0 
Complete Sampling Mean 46.9 39.4 34.6 
(Mixture) Stand. Dev. 21.1 26.6 24.1 
Partial #g23M8C04 Orange N/A 62.4 61.8 
Sampling #923M8C05 Orange N7A N/A 0.0 
(Collagen) Blue 12.0 N/A 46.3 
#923M8C06 Blue 0.0 64.2 N/A 
Purple N/A 78.9 81.2 
#923M8C09 Orange 21.3 20.1 N/A 
Blue 10.6 N/A N/A 
Purple 32.3 N/A N/A 
#923M8C10 Orange N/A 33.0 N/A 
Blue 0.0 84.9 N/A 
Purple N/A 0.0 41.6 
#923M8C12 Purple 49.3 N/A N/A 
Complete and Partial Mean 19.2 41.9 39.7 
Sampling (Collagen) Stand. Dev. 16.1 29.8 32.8 
Partial #923M8C04 Green N/A 26.9 N/A 
Sampling #923M8C05 Green N/A 36.6 53.1 
(Mixture) #923M8C06 Red 20.0 N/A 0.0 
Yellow N/A N/A 0.0 
#923M8C09 Red 25.9 40.9 N/A 
Yellow 37.9 N/A N/A 
#923M8C10 Yellow 0.0 N/A N/A 
#923M8C12 Yellow N/A N/A 0.0 
Complete and Partial Mean 33.9 37.4 23.9 
Sampling (Mixture) Stand. Dev. 22.1 19.4 26.1 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 0.0 CR CR 
#923M8C08 Orange 31.4 N/A N/A 
Blue CR CR N/A 
Purple N/A 0.0 CR 
#923M8C11 Orange N/A N/A 42.9 
Purple 57.1 CR N/A 
Cables with Crystals Mean 29.5 0.0 42.9 
(Collagen) Stand. Dev. 28.6 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 63.8 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0.0 N/A 
Yellow N/A 0.0 N/A 
#923M8C11 Green 15.8 CR 36.6 
Red 0.0 CR 41.8 
Yellow 48.6 CR N/A 
Cables with Crystals Mean 
(Mixture) Stand. Dev. 
32.1 
29.3 
0.0 
0.0 
39.2 
3.7 
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Table 4.4: Continued 
Cable Animal Lumen Percentage of Cable Area to Lumen Area (%) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 26.0 8.7 32.8 
Sampling Purple 20.2 10.9 15.8 
(Collagen) #923M8C05 Purple 11.9 9.0 7.6 
#g23M8C06 Orange 72.9 18.9 84.3 
Complete Sampling Mean 32.8 11.9 35.1 
(Collagen) Stand. Dev. 27.4 4.8 34.4 
Complete #923M8C04 Yellow 12.9 10.6 56.9 
Sampling #923M8C05 Red 10.3 10.1 35.1 
(Mixture) #923M8C10 Green 15.9 40.6 24.6 
#923M8C12 Green 20.4 12.2 31.2 
Complete Sampling Mean 14.9 18.4 37.0 
(Mixture) Stand. Dev. 4.3 14.8 14.0 
Partial #923M8C04 Orange N/A 13.4 31.5 
Sampling #923M8C05 Orange N/A N/A 13.1 
(Collagen) Blue 20.9 N/A 34.3 
#923M8C06 Blue 62.3 16.7 N/A 
Purple N/A 25.2 29.4 
#923M8C09 Orange 22.2 9.1 N/A 
Blue 14.2 N/A N/A 
Purple 1.3 N/A N/A 
#923M8C10 Orange N/A 54.2 N/A 
Blue 23.0 19.9 N/A 
Purple N/A 61.7 18.6 
#g23M8C12 Purple 10.8 N/A N/A 
Complete and Partial Mean 26.0 22.5 29.7 
Sampling (Collagen) Stand. Dev. 21.9 18.4 22.6 
Partial #923M8C04 Green N/A 23.3 N/A 
Sampling #923M8C05 Green N/A 14.1 21.6 
(Mixture) #g23M8C06 Red 53.6 N/A 57.2 
Yellow N/A N/A 24.4 
#923M8C0g Red 37.4 7.8 N/A 
Yellow 6.9 N/A N/A 
#923M8C10 Yellow 38.2 N/A N/A 
#923M8C12 Yellow N/A N/A 15.5 
Complete and Partial Mean 24.5 17.0 33.3 
Sampling (Mixture) Stand. Dev. 16.6 11.6 15.8 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 44.2 CR CR 
#923M8C08 Orange 26.6 N/A N/A 
Blue CR CR N/A 
Purple N/A 26.0 CR 
#923M8C11 Orange N/A N/A 21.5 
Purple 16.3 CR N/A 
Cables with Crystals Mean 29.0 26.0 21.5 
(Collagen) Stand. Dev. 14.1 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 23.0 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 37.6 N/A 
Yellow N/A 3.2 N/A 
#923M8C11 Green 40.2 CR 17.5 
Red 69.8 CR 25.6 
Yellow 11.5 CR N/A 
Cables with Crystals Mean 36.1 20.4 21.6 
(Mixture) Stand. Dev. 25.4 24.3 5.7 
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Table 4.4: Continued 
Cable Animal Lumen Percentage of Acellular Area to Core Area (%) 
Type Number Designation P(l) M(l) D(l) 
Complete »923M8C04 Blue 10.5 96.2 96.9 
Sampling Purple 6.8 60.8 9.3 
(Collagen) #923M8C05 Purple 21.2 51.1 37.5 
#923M8C06 Orange 100.0 100.0 100.0 
Complete Sampling Mean 34.6 77.0 60.9 
(Collagen) Stand. Dev. 44.0 24.7 44.9 
Complete #923M8C04 Yellow 0.0 0.0 0.0 
Sampling t»923M8C05 Red 0.0 0.0 0.0 
(Mixture) #923M8C10 Green 100.0 100.0 63.2 
#923M8C12 Green 0.0 0.0 100.0 
Complete Sampling Mean 25.0 25.0 40.8 
(Mixture) Stand. Dev. 50.0 50.0 49.4 
Partial #923M8C(M Orange N/A 97.4 25.7 
Sampling #923M8C05 Orange N/A N/A 100.0 
(Collagen) Blue 0.0 N/A 46.5 
#923M8C06 Blue 100.0 100.0 N/A 
Purple N/A 100.0 100.0 
#923M8C09 Orange 0.0 59.2 N/A 
Blue 0.0 N/A N/A 
Purple 99.4 N/A N/A 
#923M8C10 Orange N/A 100.0 N/A 
Blue 100.0 91.4 N/A 
Purple N/A 100.0 80.7 
#923M8C12 Purple 93.2 N/A N/A 
Complete and Partial Mean 48.3 86.9 68.7 
Sampling (Collagen) Stand. Dev. 48.5 19.5 35.3 
Partial #923M8C04 Green N/A 91.2 N/A 
Sampling #923M8C05 Green N/A 18.9 13.2 
(Mixture) #923M8C06 Red 100.0 N/A 100.0 
Yellow N/A N/A 100.0 
#923M8C09 Red 0.0 23.5 N/A 
Yellow 5.2 N/A N/A 
#923M8C10 Yellow 90.4 N/A N/A 
#923M8C12 Yellow N/A N/A 100.0 
Complete and Partial Mean 37.0 33.4 59.6 
Sampling (Mixture) Stand. Dev. 49.7 43.6 47.5 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 100.0 CR CR 
#923M8C08 Orange 100.0 N/A N/A 
Blue CR CR N/A 
Purple N/A 100.0 CR 
#923M8C11 Orange N/A N/A 70.8 
Purple 8.7 CR N/A 
Cables with Crystals Mean 69.6 100.0 70.8 
(Collagen) Stand. Dev. 52.7 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 96.3 CR CR 
(Mixture) Yellow CR CR CR 
»923M8C08 Red N/A 97.5 N/A 
Yellow N/A 100.0 N/A 
#923M8C11 Green 15.4 CR 20.1 
Red 80.6 CR 14.7 
Yellow 66.7 CR N/A 
Cables with Crystals Mean 60.3 98.8 17.4 
(Mixture) Stand. Dev. 31.9 1.8 3.8 
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Table 4.4: Continued 
Cable Animal Lunren Number of Cellular Components in the Core (#) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 70 11 14 
Sampling Purple 71 16 61 
(Collagen) #923M8C05 Purple 49 68 34 
#923M8C06 Orange 0 0 0 
Complete Sampling Mean 48 24 27 
(Collagen) Stand. Dev. 33 30 26 
Complete #923M8C04 Yellow 41 15 147 
Sampling #923M8C05 Red 155 53 151 
(Mixture) #923M8C10 Green 15 6 34 
#g23M8C12 Green 100 34 0 
Complete Sampling Mean 78 27 83 
(Mixture) Stand. Dev. 63 21 77 
Partial #923M8C04 Orange N/A 6 116 
Sampling #923M8C05 Orange N/A N/A 0 
(Collagen) Blue 227 N/A 133 
#923M8C06 Blue 0 0 N/A 
Purple N/A 0 5 
#923M8C09 Orange 222 18 N/A 
Blue 84 N/A N/A 
Purple 0 N/A N/A 
#923M8C10 Orange N/A 9 N/A 
Blue 5 21 N/A 
Purple N/A 0 53 
#923M8C12 Purple 68 N/A N/A 
Complete and Partial Mean 72 14 46 
Sampling (Collagen) Stand. Dev. 82 20 50 
Partial #923M8C04 Green N/A 11 N/A 
Sampling #923M8C05 Green N/A 125 116 
(Mixture) #923M8C06 Red 17 N/A 0 
Yellow N/A N/A 8 
#923M8C09 Red 251 32 N/A 
Yellow 51 N/A N/A 
#923M8C10 Yellow 0 N/A N/A 
#923M8C12 Yellow N/A N/A 1 
Complete and Partial Mean 79 39 57 
Sampling (Mixture) Stand. Dev. 86 41 69 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 28 CR CR 
#923M8C08 Orange 7 N/A N/A 
Blue CR CR N/A 
Purple N/A 22 CR 
#923M8C11 Orange N/A N/A 28 
Purple 25 CR N/A 
Cables with Crystals Mean 20 22 28 
(Collagen) Stand. Dev. 11 — ~ 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 18 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0 N/A 
Yellow N/A 10 N/A 
#923M8C11 Green 111 CR 26 
Red 23 CR 46 
Yellow 12 CR N/A 
Cables with Crystals Mean 
(Mixture) Stand. Dev. 
41 
47 
5 
7 
36 
14 
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Table 4.4; Continued 
Cable Animal Lumen Number of Cellular Components in the Rim (#) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 73 14 21 
Sampling Purple 52 8 10 
(Collagen) #923M8C05 Purple 10 7 15 
#923M8C06 Orange 0 0 0 
Complete Sampling Mean 34 7 12 
(Collagen) Stand. Dev. 35 6 9 
Complete #923M8C04 Yellow 61 94 77 
Sampling #923M8C05 Red 9 12 31 
(Mixture) #923M8C10 Green 22 12 34 
#g23M8C12 Green 42 18 0 
Complete Sampling Mean 34 34 36 
(Mixture) Stand. Dev. 23 40 32 
Partial #923M8C04 Orange N/A 3 61 
Sampling #923M8C05 Orange N/A N/A 0 
(Collagen) Blue 10 N/A 25 
#923M8C06 Blue 0 9 N/A 
Purple N/A 12 11 
#923M8C09 Orange 15 35 N/A 
Blue 17 N/A N/A 
Purple 5 N/A N/A 
#923M8C10 Orange N/A 5 N/A 
Blue 0 47 N/A 
Purple N/A 0 26 
#923M8C12 Purple 28 N/A N/A 
Complete and Partial Mean 19 13 19 
Sampling (Collagen) Stand. Dev. 24 15 18 
Partial #923M8C04 Green N/A 23 N/A 
Sampling #923M8C05 Green N/A 44 83 
(Mixture) #923M8C06 Red 9 N/A 0 
Yellow N/A N/A 0 
#923M8C09 Red 87 32 N/A 
Yellow 15 N/A N/A 
#923M8C10 Yellow 0 N/A N/A 
#923M8C12 Yellow N/A N/A 0 
Complete and Partial Mean 31 34 28 
Sampling (Mixture) Stand. Dev. 30 29 35 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 0 CR CR 
#923M8C08 Orange 6 N/A N/A 
Blue CR CR N/A 
Purple N/A 0 CR 
#923M8C11 Orange N/A N/A 27 
Purple 43 CR N/A 
Cables with Crystals Mean 16 0 27 
(Collagen) Stand. Dev. 23 ~ — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 50 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0 N/A 
Yellow N/A 0 N/A 
#923M8C11 Green 15 CR 43 
Red 0 CR 68 
Yellow 45 CR N/A 
Cables with Crystals Mean 28 0 56 
(Mixture) Stand. Dev. 24 0 18 
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Table 4.4: Continued 
Cable AnimaJ Lumen Number of Blood Vessels in the Whole Cable (#) 
Type Number Designation P(l) M(l) D(l) 
Complete #923M8C04 Blue 9 0 0 
Sampling Purple 8 0 6 
(Collagen) #923M8C05 Purple 0 0 0 
#923M8C06 Orange 0 0 0 
Complete Sampling Mean 4 0 2 
(Collagen) Stand. Dev. 5 0 3 
Complete #923M8C04 Yellow 3 0 28 
Sampling #923M8C05 Red 6 0 7 
(Mixture) #923M8C10 Green 0 0 0 
#923M8C12 Green 5 2 0 
Complete Sampling Mean 4  1 9 
(Mixture) Stand. Dev. 3 1 13 
Partial #923M8C04 Orange N/A 0 7 
Sampling #923M8C05 Orange N/A N/A 0 
(Collagen) Blue 4 N/A 14 
#923M8C06 Blue 0 0 N/A 
Purple N/A 0 0 
#g23M8C09 Orange 6 0 N/A 
Blue 6 N/A N/A 
Purple 0 N/A N/A 
#923M8C10 Orange N/A 0 N/A 
Blue 0 0 N/A 
Purple N/A 0 0 
#923M8C12 Purple 0 N/A N/A 
Complete and Partial Mean 3 0 3 
Sampling (Collagen) Stand. Dev. 4 0 5 
Partial #923M8C04 Green N/A 0 N/A 
Sampling #923M8C05 Green N/A 5 2 
(Mixture) #923M8C06 Red 0 N/A 0 
Yellow N/A N/A 0 
#923M8C09 Red 5 3 N/A 
Yellow 2 N/A N/A 
#923M8C10 Yellow 0 N/A N/A 
#923M8C12 Yellow N/A N/A 0 
Complete and Partial Mean 3 1 5 
Sampling (Mixture) Stand. Dev. 3 2 10 
Cables with #923M8C07 Orange N/A CR CR 
Crystals Blue CR CR CR 
(Collagen) Purple 0 CR CR 
#923M8C08 Orange 0 N/A N/A 
Blue CR CR N/A 
Purple N/A 0 CR 
#923M8C11 Orange N/A N/A 0 
Purple 14 CR N/A 
Cables with Crystals Mean 5 0 0 
(Collagen) Stand. Dev. 8 — — 
Cables with #923M8C07 Green N/A N/A CR 
Crystals Red 8 CR CR 
(Mixture) Yellow CR CR CR 
#923M8C08 Red N/A 0 N/A 
Yellow N/A 0 N/A 
#923M8C11 Green 23 CR 5 
Red 28 CR 0 
Yellow 2 CR N/A 
Cables with Crystals Mean 15 0 3 
(Mixture) Stand. Dev. 12 0 4 
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animal (Table A.9), and the comparisons for cable sections at the same location 
in the same environment in the same animal (Table A. 10). Cables with crystals 
are not used for cable statistical comparisons because of the contamination. 
The large sample variation may bias the mean value obtained from the 
quantitative data of Table 4.4, yielding misleading results for the comparisons 
between cable sections. For example, 3 of 4 proximal sections in the cables 
with complete sampling in the collagen-filled lumens had a smaller acellular 
region as compared to that seen in the middle sections. However, the numerical 
value of the acellular area in the remaining one proximal section which had a 
larger acellular region compared to the middle section was so large that the 
mean value of the acellular area obtained from all the 4 proximal sections was 
larger than that obtained from the 4 middle sections. Therefore, the quantitative 
results could be meaningless if the results were decided by just using the mean 
values for comparisons. The analytical differences between most of the 
complete cable sections (Tables A.2, A.4, A.6, and A.7) did not reach the 
significance level selected (p = 0.05) due to the large sample variation. 
Although limitations are noted in the statistical comparisons, the 
combination of complete and partial sampling cable quantitative data (Tables 
A.3 and A.5) suggest several growth pattems in the regenerated cables in 
accord with the results seen in the qualitative observations. The majority of 
cables from the mixture-filled lumens had a larger core area fraction where cells 
were present (a smaller fraction of acellular region in the core) in which more 
cellular components and more blood vessels were seen as compared to those 
observed in the cables from the collagen-filled lumens (Table A.5). The ratio of 
acellular area in the core to core area was smaller in the middle sections of the 
mixture-filled lumens compared with the ratios for the middle sections of the 
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collagen-filled lumens (p = 0.003). No blood vessels were seen in the middle 
sections of all the cables from the collagen-filled lumens. The number of blood 
vessels in the middle sections of the mixture-filled lumens was greater than that 
for the collagen-filled lumens (p = 0.03). The majority of the collagen based 
cable samples (Table A.3) also displayed a more highly developed structure in 
the proximal and distal sections as related to a relatively larger number of 
cellular components (proximal-to-middle (p = 0.03) and distal-to-middle (p = 
0.06) comparisons), a larger number of blood vessels (proximal-to-middle (p = 
0.01) and distal-to-middle (p = 0.06) comparisons), and a smaller acellular core 
area to total core area ratio (proximal-to-middle (p = 0.02) comparison) as 
compared to the middle sections. 
The small replication number used for the comparisons in a single 
animal could also bias the results. For example, both the proximal sections in 
the collagen-filled lumens (purple-marked lumen and blue-marked lumen) in 
animal #923M8C05 had 10 cells in their rim area. By comparison, there were 9 
cells in the rim of the proximal section in the mixture-filled lumen (red-marked 
lumen) in animal #923M8C05 (Table A.4). Although the numerical values of the 
cell numbers in the rim for both groups were close, the statistical analysis 
showed a significant difference of the cell numbers between the two groups 
(Table A.9). Therefore, the small number of replications used for comparisons in 
each single animal may not reflect practical correlations among cable sections; 
however, in conjunction with noting how the data clustered in the grouping 
comparisons, meaningful differences could be identified. For example in Table 
A.8 for the single animal #923M8C04, proximal section data were compared 
with middle section data in the collagen-filled lumens (refer Table 4.4 for blue 
color coding with 9 blood vessels and for purple color coding with 8 blood 
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vessels in the proximal location compared with zero number of blood vessels in 
the blue, purple, and orange color coded lumens in the middle location) where 
p = 0.0002, indicating that there were significantly more blood vessels in the 
proximal location compared with the middle location in lumens of the same 
chemical environment. 
4.2 Discussion 
Silicone rubber multiple-lumen cuffs prefilled with collagen and the 
mixture of laminin, fibronectin, and collagen are used in the present research to 
bridge 15 mm gaps in rat sciatic nerves. These extracellular matrix constituents 
are thought to be important for the development and regeneration of nerves. To 
determine if filling guidance lumens with these extracellular molecules can 
enhance cable regeneration and if multiple experiments can be done 
simultaneously using the multiple-lumen models, the morphological changes of 
the cables formed in the cuff after implantation and the cytological progress of 
the regenerating cables are investigated. Also, the quantitative data obtained 
from the cables with complete sampling in the present research are compared 
to those reported in previous studies to see whether similar growth patterns can 
be found in regenerated cables though different lumen environments and/or 
different cuff materials are used. 
Success of regeneration. When a sciatic nerve was severed and the 
resulting stumps placed 15 mm apart in a multiple-lumen silicone tube 
containing extracellular fillings, successful regeneration of cables across the 
15 mm chamber gap occurred in 53% (16 of 30 lumens filled with the collagen, 
16 of 30 lumens filled with the mixture) of the lumens of silicone rubber multiple-
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lumen cuffs for an 8-week implantation period. The success percentages seen 
in the present research are about in the same range as the results found in 
previous studies using an extracellular matrix containing laminin and fibronectin 
to promote nerve regeneration across long gaps using single lumen nerve cuffs, 
such as the work by Woolley et al. (70% for crossing 18 mm gaps, 1990) and by 
Bailey et al. (58% for crossing 18 mm gaps, 1993). The success percentages 
show that the presence of growth promoting substances dramatically increases 
the ability of neural components to regenerate effectively over distances greater 
than 10 mm, the critical gap length within a tubular prosthesis above which 
neural components usually will not cross the gap when no growth substances 
are distributed in the chambers at the time of implantation (Woolley et al., 1990). 
Moreover, the results in this study indicate that the multiple-lumen silicone 
rubber cuffs can be used for successful cable regeneration, even though the 
lumen size (0.508 mm) in the multiple-lumen cuffs is much smaller than that (1.4 
mm) seen in the single-lumen models used by Woolley et al. (1990) and Bailey 
et al. (1993). As expected, the two animals of the current study which had no 
cuff implanted to join proximal and distal stumps demonstrate that there is no 
indication of successful regeneration of cellular components across a gap of 
this size when no cuff is used. Neuromas at the proximal ends and gliomas at 
the distal ends of the dissected nerve stumps are seen in these no cuff use 
cases. 
Shape of the cuff. In the present study, wall swelling of the multiple-
lumen cuffs after 8 weeks of implantation is not seen. This result is in agreement 
with observations on the silicone rubber single lumen guides used in previous 
studies in which the configurations of the nerve guides did not change even two 
to three years after implantation (Ducker and Hayes, 1968; Lundborg et al.. 
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1994). This result is also encouraging because Henry et al. (1985) reported that 
defomnation of biodegradable tube walls occurred in nearly all the tubes with an 
internal diameter equal to or smaller than 0.5 mm. This is the lumen size used in 
the current non-degradable multiple-lumen cuff study. For some biodegradable 
tubes of the Henry et al. (1985) study, the swelling was so extreme that the 
lumen was grossly occluded. From the current study, it has been shown that the 
multiple-lumen cuffs with non-degradable lumens, when loaded with stimulatory 
substances, can provide a suitable environment in which to promote cable 
regeneration. 
Fluid accumulation. The fluid that collects in the lumens during nerve 
regeneration is likely to contain neurite-promoting factors and 
neuronostimulatory factors released from the proximal and distal stumps. 
Neurite-promoting factors can promote the growth and regeneration of neurites 
by facilitating appropriate neurite-substratum interactions (Varon and Adier, 
1981). 
In the present study, the cable sections obtained at the middle locations 
inside the cuffs are found to be less mature compared to those at the proximal 
and distal locations inside the cuffs. Neuronostimulating factors could be 
secreted from proximal and distal stumps of the transected nerve and provide 
additional influence on the relative maturity of cable components achieved 
which could not be offered by only the presence of the collagen, laminin, or 
fibronectin mixture alone in the gel within the gap region. 
Shape of the cable. Regenerated cables have a more circular cross 
sectional profile in contrast to the oval shape of the nomnal nerve. In previous 
studies, similar round cross sectional profiles are also seen in nerves 
regenerated in the tubes filled with extracellular matrix material, such as 
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collagen gel (Madison et al., 1988), laminin-containing gel (Valentini et al., 
1987), nen/e growth factor (Derby et a!., 1993), or the rat amnion membrane 
matrix (Danielsen et al., 1988). In the present study, five round cable bundles 
are seen in a distal stump in one animal of the study associated with collagen or 
collagen, laminin, and fibronectin mixture environments. The orientation of 
those bundles is determined by the pattern of holes of the lumens in the 
multiple-lumen cuff. This result indicates that the multiple-lumen cuff can offer 
an advantage of guiding the regenerating cable components across the nerve 
gap toward their distal target. 
CaJb/e size. Compared to the lumen size, a relatively small cross 
sectional area is seen in the regenerated cables. However, the mean 
percentage (ratio of cable area to lumen area times 100) In the regenerated 
cables in the gap regions in both the lumens filled with the mixture (15% at P(l), 
18% at M(l), 37% at D(l)) or with the collagen (33% at P(l), 12% at M(l), 35% at 
D(l)) are approximately the same as those seen in previous studies, such as the 
9 - 28% reported by Jenq and Coggeshall (1986), the 8 - 28% reported by 
Danielsen et al. (1988), the 6 - 23% reported by Williams et al. (1983), the 17 -
57% reported by Derby et al. (1993), the 14 - 17% reported by Bailey et al. 
(1993), and the 17 - 27% reported by Woolley et al. (1990). These results may 
indicate that the lumens of nerve conduits may exert a size scaling effect on the 
regenerated cables. It is also found in the current study that several immature 
cables which are completely composed of a gel matrix and blood cells have a 
relatively large cross sectional area as compared to the well-developed cables. 
However, the middle sections which usually have a less developed structure 
compared to that seen in the proximal and distal sections have the smallest 
cross sectional area among these sections. Therefore, it is difficult to determine 
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the stage of maturity in a regenerated cable only based on the size of its cross 
sectional profile. Large variations of cross sectional area can occur in the 
cables regenerating in the same environment and in the same animal. 
Epineurium. Studies reveal that most of the regenerated cables in both 
sets of lumens filled with different extracellular matrix material have an 
organized rim in which layers of collagenous connective tissue containing 
fibroblasts are seen. The epineurium is the part of the cable that most strongly 
resists longitudinal deformation (Jenq and Coggeshall, 1986). In the present 
research, it is found that occasionally the rim structure can be formed first in the 
middle portions of the cable probably in association with more rapid growth and 
development initiated from the distal side before the proximal end shows a 
similar level of development. In addition, the thickness of the rim on the cross 
section of the regenerated cable is not always as uniform as is seen in the 
normal control (approximately 15% for the percentage of the rim areas to the 
total areas, Jenq and Cogeshall, 1985). However, the mean percentage of the 
rim area to the total area in the regenerated cables in the gap regions in both 
the lumens filled with the mixture (47% at P(l), 39% at M(l), 35% at D(l)) or with 
the collagen (21% at P(l), 29% at M(l), 32% at D(l)) are about in the same range 
as the results seen in previous studies using nerve guides without fillings (38%, 
Jenq and Coggeshall, 1986) or with fillings inside (25 - 39% in the lumens filled 
with laminin/fibronectin, laminin, fibronectin, nerve growth factor, and 
cytochrome C, Woolley et al., 1990; Bailey et al., 1993). 
Distribution of cellular components. Instead of fomiing compact, large 
nerve fascicles as seen in the normal control, the regenerated cellular 
components are dispersed throughout various locations and in various patterns 
within the areas of connective tissue in the cable. In the current study, the 
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majority of samples in the gap regions show that the proximal and the distal 
sections have a more highly developed cellular structure compared to the 
middle section. In addition, several cable sections display a structure with a 
circumferential cell pattem. These results are consistent with previous studies 
(Williams et al., 1983; Madison et al., 1988) and show that the first regenerating 
cells to migrate into the fibrin matrix are coming from the proximal and the distal 
nerve stumps. Once the regenerating cells enter the fibrin matrix, the surface of 
the matrix represents an excellent substratum for the cells to adhere to and to 
grow along. f\/leanwhile, the cells on the surface of the fibrin matrix can extend 
deeper towards the center of the nerve cable. This regeneration sequence 
shown by regenerated cells can explain both the proximal (or distal)-to-middle 
as well as the peripheral-to-central maturation patterns seen for the 
regenerated cables. Similar to the observations of Fields et al. (1989), multiple 
layers of concentrically arranged fibroblasts are commonly seen in cable rims in 
the current study. In two distal sections of the cables from the mixture-filled 
lumens (green-marked and red-marked lumens) in animal #923M8C05, cellular 
components are subdivided by strands of perineurium into several cellular 
units. These organized cellular units are never seen in the cables from the 
collagen-filled lumens in the present study. This result may suggest that a more 
advanced cellular structure has formed in the cables from the mixture-filled 
lumens whereas the structure in the cables from the collagen-filled lumens are 
relatively less developed. 
Schwann cells. Schwann cells are consistently seen in the central core 
of the regenerated cable. The Schwann cells may degrade the extracellular 
matrix in the lumens and offer their own surfaces as substrata for regeneration 
of the axons. In addition, Schwann cell columns are seen throughout the entire 
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length of the regenerated cables. These Schwann cell columns may participate 
in the early scaffold fomnation for the migration of advancing axonal tips 
(Williams etal., 1983; Fields et a!., 1989). Moreover, clusters of Schwann cells 
(probably containing several axonal profiles) are seen in the proximal portions 
of the regenerated cables; these proximal clusters have the typical appearance 
of regeneration units described by several investigators. These regeneration 
units seen in the proximal sections may indicate that regenerating axons are 
growing into the gap regions from the proximal ends. 
Macrophages. Macrophages are seen on the surface of the cables (i.e., 
outside of the connective tissue of the surfaces) within the gap regions. Large 
variations are seen in the number and the pattern of distribution of 
macrophages in the cable samples. The presence of these phagocytic cells is 
important in the removal of the peripheral extracellular gel matrix that is loaded 
into the lumens at the start of the implantation. In addition, it has been 
suggested that activated macrophages can secrete numerous growth factors, 
including nerve growth factor (NGF) and basic fibroblast growth factor which 
can promote regeneration in transected nerves (Aebischer et al., 1988). 
Axons. In six proximal sections of the regenerated cables (mixture 
inside: one from the red-marked lumen in animal #923M8C05 (Figure 4.6A), 
one from the red-marked lumen in animal #923M8C09 (Figures 4.17A, 4.17C), 
and one from the green-marked lumen in animal #923M8C12 (Figures 4.8A, 
4.8D); collagen inside: one from the blue-marked lumen in animal #923M8C05 
(Figure 4.23A), one from the orange-marked lumen in animal #923M8C09 
(Figure 4.27A), and one from the blue-marked lumen in animal #923M8C09 
(Figure 4.28A)), features that appear to resemble axonal profiles exhibiting 
silver-stained axons are seen. For example, the proximal section from the red-
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marked lumen in animal #923M8C09 (Figure 4.17A) shows what appear to be 
clusters of axonal profiles In proximity to Schwann cell nuclei which have the 
typical appearance of regeneration units reported by several investigators 
(Morris et al., 1972; Williams et al., 1983; Knoops et al., 1990; Kosaka, 1990; 
Derby et al., 1993; Tong et al., 1994). In efforts to improve the confidence in 
properly identifying the presence of axons, comparisons of Bodian stain images 
with those of toluidine blue stain images show that seven basic types of features 
stain darkly in Bodian stain images (fibroblast, Schwann cell, endothelial cell, 
and macrophage nuclei, red blood cells in blood vessels, and axonal profiles 
(within regeneration units, likely identification) and silver stain precipitate 
artifacts) whereas in toluidine blue images only five of these types appear to 
stain darkly (fibroblast, Schwann cell, endothelial cell, and macrophage nuclei, 
red blood cells in blood vessels). In general, each of the axonal profiles (that 
seem to be present in 6 proximal examples) appears to be about 1 p.m or 
somewhat larger in diameter and usually to be found within regeneration units 
(feature organization in agreement with Williams et al. (1983) and Morris et al. 
(1972)) whose borders are more or less clearly delineated by strands of 
perineurium (see examples in the proximal section from the red-marked lumen 
in animal #923M8C09 (Figure 4.17C) and in the proximal section from the 
green-marked lumen in animal #923M8C12 (Figure 4.8D)). By comparison, the 
majority of the small silver stain precipitates (less than 1 [im in diameter) appear 
to occur in the rim and not in the strands of perineurium that establish 
regeneration unit regions. 
Oval-shaped voids in the sheaths of the myelinated axons are seen in 
the samples stained by the toluidine blue. The major components of myelin 
sheaths are lipids, including cholesterol, cerebroside, and phospholipids. 
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These lipids are soluble in the common solvents used in dehydration, such as 
ethanol. Once the lipids are dissolved away by the solvents, empty spaces 
remain at the former sites where myelin was located. The loss of lipids may 
have resulted in no impregnation of the myelin sheath by the toluidine blue at 
these feature locations. This staining artifact makes it difficult to distinguish the 
axons from their surrounding tissues using this stain for myelin. To preserve the 
myelin sheaths through dehydration and clearing, special post-fixation 
techniques must be used for certain of the cable subsamples in future studies. 
For example, phosphate-buffered 2% osmic acid has been used to fix myelin 
sheaths efficiently in the case of myelinated axons found in studies using 
relatively larger inner diameter nerve cuff silicone rubber tubing (Woolley et al.. 
1990). 
Vascularity. The regenerated cables in both sets of chemical 
environments in the present study have fewer blood vessels discerned in cable 
cross sections (average of fewer than 10 blood vessels down to a size as small 
as 2 p.m in diameter) than normal controls (average of 48 blood vessels, Jenq 
and Coggeshall, 1986). One possible explanation for this result is that the 
regenerated cables are not fully developed. Another possibility is that the 
vascularity is limited by the relatively small cross sectional areas in the 
regenerated cables. However, after nomnallzing the number of blood vessels by 
dividing blood vessel numbers by the cross sectional areas of the associated 
regenerated cables, the differences of area density of blood vessels (blood 
vessels per unit area) between the regenerated cables at the proximal and the 
distal locations inside the cuff and the area density of blood vessels of normal 
controls become smaller (131 blood vessels per mm^ at P(l) and 85 blood 
vessels per mm^ at D(l) in the mixture-filled lumens; 92 blood vessels per mm^ 
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at P(l) and 47 blood vessels per mm2 at D(l) in the collagen-filled lumens: 124 
blood vessels per mm^ in the normal controls). The area density of blood 
vessels at the proximal location inside the cuff in the mixture-filled lumens is 
even larger than that found in the controls. However, the area density of blood 
vessels in the middle regions of the regenerated cables (20 blood vessels per 
mm2 at M(l) in the mixture-filled lumens and no blood vessels at M(l) in the 
collagen-filled lumens) are still much smaller than that seen in the controls. This 
result may indicate that the vascularity of the regenerated cables, especially in 
the middle regions, has not reached a higher and more normal level anticipated 
at the end of the 8 week implantation period. These results indicate that more 
advanced cellular developments happen in the cables regenerating in the 
lumens filled with the mixture as compared to those in the lumens filled with the 
collagen. 
Acellular region. The acellular region, which is usually almost 
completely devoid of cells, is mostly seen in the central core of the regenerated 
cables (25 - 41% of the core areas in the mixture-filled lumens; 35 - 77% of the 
core areas in the collagen-filled lumens). It is also found in the current study that 
a relatively large acellular area is seen in the cables from the collagen-filled 
lumens as compared to those from the mixture-filled lumens, especially for 
these sections in the middle regions. A wide range for acellular core fractions 
found within the cables has been reported. For example, Woolley et al. (1990) 
found that acellular regions consisting of acellular material are seen in nerves 
regenerated in tubes filled with the cytochrome C (50% of the core areas) at the 
end of a 6 week experimental period. In the study reported by Valentini et al. 
(1987), even after 12 weeks implantation large areas (60 - 76% of the core 
areas) of acellular collagen substrates are identified when a high concentration 
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of laminin-containing gel (100% or 50% of the original form of gel) is used. 
However, only isolated remnants of 10 and 20% laminin-containing gel are 
observed in regenerated cables after 12 weeks of implantation. Therefore, 
Valentini et al. (1987) concluded that the amount of the remaining acellular 
material is a function of the initial concentration of the agent in the gel substrate 
which had been loaded into the nerve guides. Less acellular material is seen in 
the regenerated cables when a diluted gel substrate is used. 
The influence of the acellular material on nerve regeneration has been 
questioned in several studies. Valentini et al. (1987) state that if the acellular 
material is not degraded by the animal body and the material still remains in its 
physical form, this remaining gel substrate, even if it contains growth promoting 
substances, can impair the regeneration process by physically impeding the 
migration of neural components, or by impeding the elongation of axons. 
However, Satou et al. (1986) find that acellular material (described as possibly 
being the remains of a portion of the original gel filling in the nerve guide) can 
be an effective acellular matrix which functions as a component to stimulate 
axon sprouting. Madison et al. (1988) also find that the axons present in 
regenerated nerve cables arose from primary motor and sensory neurons, even 
though a large amount of acellular core material is seen to be present at that 
stage of the development (17% of the core areas contained acellular material, 
but the cellular regions of the core contained both motor and sensory neurons). 
Multiple cables/fascicles within a lumen. In the present study, two 
regenerated cables have been found in one single lumen (yellow-marked) at 
the distal location in animal #923M8C04. In addition, multiple fascicles are also 
observed at the middle location in a single lumen in animal #923M8C05 
(purple-marked lumen) and in animal #923M8C09 (orange-marked lumen). 
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One possible explanation is that the gel environment in the lumen of the cuff 
may encourage the regenerating cable to differentiate into more than one major 
fascicle. However, the occurrence of these multiple cables and fascicles in a 
single lumen is rare in the current study. This may suggest that the lumen 
configuration for the nerve cuff used in this research confines the branching of 
regenerated cables, and offers direct orientation and guidance for the 
regenerating cellular components in the cables. Similar observations have 
been reported in that multiple fascicles are seen in regenerated cables within 
single-lumen silicone rubber cuffs containing no gel fillings (Gibson and 
Daniloff, 1989). 
Crystals. In 3 of the 10 animals in Group I, crystal-like features are seen 
on the cross sections of the regenerated cables (in 6 of the lumens containing 
collagen and in 6 of the lumens containing the mixture of laminin, fibronectin, 
and collagen). These crystals appear to block the passage of regenerating 
neural components as they follow the cable. Therefore, only a few cellular 
components would be expected to grow across the gap through passageways 
among the crystals, when present, and to grow in the direction of the distal 
stump. Possible sources of these crystals include (1) components from lumen 
cleaning solution including sodium bicarbonate (sodium, hydrogen, carbon, 
oxygen) and water (hydrogen, oxygen), (2) components from gel including 
collagen, laminin, fibronectin (carbon, hydrogen, oxygen), HCI (hydrogen, 
chlorine), NaOH (sodium, oxygen, hydrogen), lOx phosphate-buffered saline 
solution (sodium, hydrogen, phosphorus, oxygen, chlorine), and Tris buffered 
saline solution (sodium, chlorine, hydrogen, oxygen), and (3) body fluids and 
blood (calcium, iron, hydrogen, oxygen, carbon, hydrogen, sodium, chlorine). 
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In the study of Miller (1997), an energy-dispersive x-ray analysis system 
was used to detect the major elemental components in representative crystals 
in nerve cuff cables. It was found that the crystals contained a high 
concentration of sodium, but that chlorine was nearly absent. Therefore, a likely 
source of the crystals would be from the sodium bicarbonate solution used in 
the lumen cleaning procedure prior to filling the tubes with gellation solutions. 
Statistical comparison. Several growth trends are observed in the 
regenerated cables. A more advanced organization including a smaller 
acellular core area to total core area ratio and a higher vascularity is seen in the 
cables from the mixture-filled lumens compared to that in the cables from the 
collagen-filled lumens. These differences are even more apparent in the middle 
sections where no blood vessels can be seen in all the cables from the 
collagen-filled lumens whereas they are present in several of the middle 
sections in cables from the mixture-filled lumens. The principal comparisons 
reveal that the ratio of the acellular core area to the total core area is greater for 
the collagen-filled lumens compared with the mixture-filled lumens at the middle 
positions of the cables in the gaps (p = 0.003). Also, at these middle positions 
there are blood vessels seen in the cross sections for the mixture-filled lumens, 
but rarely seen for the collagen-filled lumens (p = 0.03). These results may 
indicate that a better stimulation environmental effect enhances the growth of 
regenerating cellular components as provided by the extracellular matrix 
composed of the mixture of laminin, fibronectin, and collagen compared to that 
of the collagen matrix. Several investigators have reported considerable 
success with the use of mixture of laminin and fibronectin to enhance early 
peripheral nerve regeneration in relatively large inside diameter single lumen 
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entubulation models for comparable large size gaps, such as the studies of 
Woolley et al. (1990) and Bailey et al. (1993). 
A more advanced organization including a larger number of regenerating 
cells, a larger number of blood vessels, and a smaller acellular region is also 
seen in the regenerated cables at the proximal and the distal locations inside 
the cuff compared to that at the middle location inside the cuff. This result is 
consistent with previous silicone rubber single chamber studies which show 
that proliferating cellular components are abundant at the proximal and the 
distal locations of the regenerating nerves, at various time periods (which 
bracket the present study period of 8 weeks) leading to the formation of a 
mature and organized structure (Williams et al., 1983; Danielsen et al., 1988). 
Instead of only one replication in the animals implanted with single-
lumen cuffs, the animals with the current multiple-lumen cuff design can provide 
at most 6 replications simultaneously (3 from the lumens with collagen and 3 
from the lumens with the mixture of laminin, fibronectin, and collagen). In the 
present research, the multiple-lumen cuffs have demonstrated that they can be 
used in each individual animal in order to provide multiple replications for 
statistical comparisons. 
Overall, there are two situations for developing statistical comparisons on 
an individual animal basis: (1) environment and (2) location. Since /i, 
(replication number for experimental unit or treatment 1, e.g., the lumens having 
the collagen environment) and n, (replication number for experimental unit or 
treatment 2, e.g., the lumens having the mixture environment) can only be 3 at 
most in the current study on an individual animal basis, there are only a few 
specific situations where the p = 0.05 confidence level can be meaningful when 
comparing the effects of different chemical environments for a multiple-lumen 
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implant in a single animal. The first case of two cases to be described is where 
one environmental group of sections (1 or more) is zero compared with the 
other environmental group where 1 or more of these sections have a numerical 
value and also 2 or 3 of these values exhibit relatively small variations. There is 
a correlation that is significant for this case (case 1) since a situation is 
compared where there is definitely a numerical value to that where there is 
none. Several examples are present in the current study where enough cable 
samples are available to make this comparison. Note that the single section 
value has to be zero for this to be true (or that they all have to be zero if more 
than 1 section is available in that environment). This holds for location 
comparison information testing as well. 
In Tables A.6 - A.9, several animals have at least 3 cables distributed 
within each individual cuff between the two different environments (mixture 
compared with collagen) and among different locations in the cuff (proximal 
compared to middle, proximal compared to distal, middle compared to distal 
sections). In several of the comparisons, p values of interest will be smaller than 
0.05. However, because of the requirements discussed in the preceding 
paragraph, not every comparison will be useful. In all cases, it is important to 
verify the correlation provided by the analysis with direct comparisons of the 
images. This analysis provides a screening tool and can assist in identifying the 
relative importance of microstructural features and uniformity. 
Data for animal #923M8C06 provide rim area to cable area ratios for two 
proximal sections in the collagen-filled lumens compared to one in the mixture-
filled lumens (Table A.9, cables with complete and partial sampling) where 
each of the two samples in the collagen environment has a value of 0% 
compared to the single value for the mixture environment where the percentage 
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is 20. In this connparison, p value is 0.0001, indicating a substantial difference in 
cable development in this animal within the three lumens for two different gel 
environments. Other example microstructural comparisons (describable by case 
1) can be seen in Tables A.6 - A.9. 
The second case is where one environmental group of sections (1 or 
more) has a relatively low number or numbers compared to a large number or 
numbers with relatively small variations in the other environmental group. In 
Table A. 10, cable sections at the same location in the same environment where 
all three lumens produced cables at the particular sampling location (individual 
animal basis) exhibit several correlations that are significant at p = 0.05. All of 
these are for collagen loaded lumens. By specifying information for one color 
coded lumen and for the two other color coded lumens, a comparison of the one 
with the two provides a way, for example, to establish a relative rank in 
variability of microstructures on a lumen-to-lumen basis. 
Following the concepts stated in the two cases above, several of the 
comparisons in Table A. 10 are significant at p = 0.05. Two examples are as 
follows: 
(1) Example for case 1: animal #923M8C05, blood vessel number 
comparisons in the distal section for three collagen-filled lumens (0 blood 
vessels in the blue-marked lumen, 6 blood vessels in the purple-marked 
lumen, and 7 blood vessels in the orange-marked lumen for the comparison 
of 0 with 6 and 7) where one value is zero and the other two values are 
close and the variation is relatively small. In this comparison, p value is 
0.001. 
(2) Example for case 2: animal #923M8C04, acellular core area to total core 
area ratio comparisons in the middle section for three collagen-filled 
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lumens (60.8% acellular core ratio in the purple-marked lumen, 96.2% 
acellular core ratio in the blue-marked lumen, and 97.4% acellular core 
ratio in the orange-marked lumen for the comparison of 60.8 with 96.2 and 
97.4) where the two values are close in magnitude compared with the other 
relatively small value in the comparison. In this comparison, p value is 
0.018. 
Both of these comparisons from Table A.10 might correspond to a 
condition, for example, where the cables simply develop differently in the same 
lumen environment in the same animal. Also, another possibility might include 
the condition where the proximal stump surface might be not well aligned with 
all three collagen gel surfaces at the single lumen - multiple lumen interface 
within a cuff. 
The above examples are limited because of small n (replication number) 
and the presence of large variations; however, it is possible to increase n by 
increasing the number of lumens (with the likelihood of more cables therefore 
being present) in multiple-lumen cuffs as well as to increase the length of time 
of implantation (to permit more cables to develop within a multiple-lumen cuff) 
and still intercompare the effects of chemical environments with respect to 
position within gap regions bridged by cables. 
Sample variation. The current study shows that large variations are 
seen in the regenerated cables, even when the cables regenerate in the same 
environment and in the same animal. One possible explanation for these 
variations is that the regenerated cables are at an early stage of maturation. The 
cellular components in a cable are still developing, resulting in a widely varying 
degree of organization. Another explanation is that some positions of the 
dissected nerves may have been secured obliquely by the suturing procedure 
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used to hold stumps In the single lumen portion of a cuff, on either end of the 
multiple-lumen cuff. This may yield different gap lengths for the regenerating 
cables to cross or different areas of contact of a stump with gel at gap entry 
locations. 
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5. CONCLUSIONS 
The present study shows that the multiple-lumen cuff experiments are 
successful in having cables bridge a 15 mm gap in the sciatic nerve of the rat by 
8 weeks for relatively small diameter conduits. The temporal developmental 
patterns are similar to that seen for single lumen experiments reported in the 
literature (i.e., cables form in a similar way). The current study permits a 
relatively detailed comparison of differences between two cable regeneration 
environments. Multiple experiments are done successfully in the animals 
implanted with multiple-lumen cuffs which are loaded with collagen or a mixture 
of laminin, fibronectin, and collagen. Both of these extracellular matrices 
provide stimulating environments as seen by the range of regenerated cable 
microstructures observed at 8 weeks. The histological information is valuable 
initially in identifying trends when comparing positional and environmental 
influences for samples. The 6 lumens of the multiple-lumen cuff in each 
individual animal provide additional replications for statistical analysis 
compared with that possible for the single-lumen nerve cuff model. 
Upon light microscope inspection, two zones, a peripheral rim and a 
central core, are seen in the regenerated cables from both growth 
environments. Flattened fibroblasts are observed primarily in the epineurium. 
Occasionally, the rim structure can form first in the distal region and in the 
middle portions of a cable within a lumen before the development of a rim 
occurs in the proximal end. The principle pattern seen is that rims develop at 
proximal and distal ends toward the middle, and first at the perimeter of the 
fibrin cable strands prior to significant cellular development within the cable 
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cores. In the central core, Schwann cells and Schwann cell columns are seen 
throughout the entire length of the majority of cables. Blood vessels are found at 
proximal and distal locations compared with middle locations (collagen 
environment). In the middle sections for all the cables from the collagen-filled 
lumens, there are no blood vessels observed. Features that appear to resemble 
axonal profiles are observed in six proximal cable sections, three from mixture-
filled lumens and three from collagen-filled lumens. In addition to these cellular 
components, acellular regions are also observed in the core of regenerated 
cables from both growth environments. Cells are sparse in these acellular 
regions which could be a gel or a fibrin matrix that is still at the initial stage of 
the regeneration. 
Five circular cable bundles are dispersed in the distal stump in one of 
seven available samples. The orientation of these cable bundles is determined 
by the primary regenerating cables crossing gaps in the lumens of the multiple-
lumen cuffs that then grow into the single distal stump. Similar morphological 
structures are seen in the cable bundles as compared to those found in the 
sections in the gap regions. Schwann cells, fibroblasts, and blood vessels are 
seen in the inner cores and in the areas among the cable bundles. 
The initial microstructural observations permit several trends to be 
identified in comparisons among regenerated cables. Large variations in 
characteristics for complete regenerated cable specimens and for the partial 
sampling specimens are seen; however, the combined data sets reveal two 
major differences in the comparison of the effects of the two different lumen 
chemical environments tested. There is significantly more acellular material in 
the core compared to total core area in middle cable samples for the collagen 
lumen loadings compared to those for the mixture lumen loadings (p = 0.003). 
200 
This, coupled with the absence of blood vessels in the middle cable samples of 
the collagen lumen loadings compared to the presence of some blood vessels 
in the middle cable samples of the mixture lumen loadings (p = 0.03) 
establishes that less desirable cable developmental characteristics exist for the 
collagen loadings compared with the mixture results. Also the following trends 
in cable cores are apparent: (a) the number of cells in proximal, middle, and 
distal locations is more uniform for the mixture than for the collagen 
environment, (b) for the collagen environment, the proximal and the distal 
locations exhibit more cells than do the middle cable locations, and (c) for the 
collagen environment, the proximal and the distal locations exhibit blood 
vessels but the middle sections do not. 
The multiple-lumen cuffs have been used to selectively pattern nerve 
regeneration in the same animal by using two different environmental 
conditions in the same animal on the same nerve stumps. Complete cables can 
be established across relatively large gaps for relatively small lumen diameter 
tubular configurations, and these patterns can continue into the distal stump. 
Future improvements and research in this project area might include 
using lower concentrations of extracellular gel matrices (10 or 20% of the 
original gellation liquid component concentrations compared with the undiluted 
concentrations of the current study) in the multiple-lumen cuff to decrease the 
amount of acellular material found in the regenerated cables. Post-fixation, such 
as using 2% osmic acid, could be used to preserve myelin sheaths of axons to 
permit the effective use of toluidine blue stain for myelin sheath visualization 
and characterization in efforts to establish the presence of myelinated axons. 
Also, longer term studies (16 weeks) are suggested in order to obtain larger 
regenerated cables as well as to allow more mature cables to form to avoid 
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sample losses due to the handling difficulties encountered with the current 
small cable subsamples during the histological preparation processes of 
dehydration, sectioning, and mounting sections on slides. 
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APPENDIX: STATISTICAL ANALYSIS 
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A comparison can be made between two unknown population variances, 
a; and cr, by calculating a quantity 
where 5," and S; are sample variances (measures of variability). S{ and 5; 
represent variances for independent random samples that have a size and 
n., respectively (Montgomery, 1991). 
This ratio for F,, has a probability distribution known as an F distribution. 
The populations are assumed to be normal. The individual data values of the 
two samples being compared are not related between the samples. The 
samples are independent of each other. The degrees of freedom for the 
numerator of the fo expression are -1, and the degrees of freedom for the 
denominator of the expression are -1. The degrees of freedom is equal to 
the number of independent elements in the sample (Montgomery, 1991). 
F„ can be used as a test statistic (a right-tailed test) to examine 
hypotheses associated with variances. By comparison, F is the probability 
distribution of the expression, 
^ _ S," _ (Sample 1 variance)' _ a; 
5; (Sample 2 variance)" O"^ 
as a way to compare two unknown population variances (erf and cr;). The 
larger variance is commonly in the above ratio, as may be required by the 
hypotheses being examined concerning variances. The F distribution has 
properties that permit probabilities to be related to various values of F. A curve 
for an F distribution starts at zero, has a total area of 1, is skewed to the right, 
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and extends to the right. If the value of F is desired for the area under the curve 
to the right of it which is 0.05 (i.e., a desired value of probability to use the F test 
at the 0.05 level of significance), a table (such as Table IV Percentage Points of 
the F Distribution, Appendix, page 604, Montgomery, 1991) can provide the F 
value of the particular statistic. The table has columns of degrees of freedom for 
the  numerator  (  k ,  )  and rows o f  degrees o f  f reedom for  the  denominator  ( ) .  
This particular table is for F values for the 0.05 level of significance and by 
reading the F value at the intercept of the appropriate u, and v. values for the 
test, Fo^s.v,.v: is obtained (Montgomery, 1991). 
The approach is basically to see if the experimental data support a 
hypothesis that the population variance for the first experimental unit is 
equal to that for the second experimental unit, 
H^:(7;=c>; (3) 
or, if the data support a hypothesis //, that the population variance for the first 
experimental unit is greater than that for the second experimental unit, 
: cr," > cr; (4) 
The level of significance is selected (e.g., typically 0.01, 0.025, or 0.05) 
(Montgomery, 1991). 
The test statistic F,, is calculated and associated u, and u, degrees of 
freedom values identified i>,, = («, - l,n^^ -1). 
Then the right-tailed test is conducted by obtaining the appropriate 
critical F value from the table. This F value is associated with the area under 
the right side of the F curve, representing the probability at the 0.05 level of 
significance and so establishes a critical region of the F curve of values F > to 
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this value read from the table. The decision is then made by comparing the Fg 
value calculated to that of the F value of the table and if Fq lies in the critical 
region for F curve, Fg > F, then the hypothesis is rejected and the sample 
variances (or means) vary as stated by hypothesis f/, (Montgomery, 1991). 
One-way analysis of variance used in the current study was applied to 
the quantitative data obtained from light microscopy. In the case of comparing 
sample means, with replicate analyses, following the development of 
Montgomery (1991), a similar series of steps is utilized. For any experimental 
unit or treatment, the treatment effects can be considered as deviations from an 
overall mean for a sample. This overall mean is equal to zero for any sample 
(Montgomery, 1991). 
For a number of experimental units or treatments ( r) 
LR. = 0 (5) 
I 
For 
y,. = total observations under the ith experimental unit or treatment, 
y,. = average of the observations under the ith experimental unit or treatment, 
y.. = grand total of all observations, 
v.. = grand average of all of the observations. 
then 
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;=i 
(6) 
. = 1  / = !  
v.. = '"/N 
where 
n = sample size for each experimental unit or treatment 
N = an = total number of observations 
y,^ = yth sample observation from the ith experimental unit or treatment 
The "dot" subscript represents summation over the subscript that it replaces. 
Table A.1 summarizes the notation of the variables for samples from a 
experimental units or treatments (Montgomery, 1991). 
The mean of the / th experimental unit or treatment E( v..) = |i, consists of 
the overall mean |i plus the / th experimental unit or treatment effect and can 
be stated as 
Eiy.. ) = ^ ^ = /2 + r,, / = 1,2 a. (7) 
Two hypotheses (and //,) are of interest in testing the equality of the a 
experimental unit or treatment means: 
Hi for at least one pair (/,y) 
If hypothesis is true, then all the experimental units or treatments have a 
common mean jj. (Montgomery, 1991). 
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Table A.I: Notation of variables for samples from a experimental units or 
treatments 
SAMPLE OBSERVATION SAMPLE SAMPLE SAMPLE 
NUMBER SUM SIZE MEAN 
" y,. 
I yu yi2 >13 yu> 
ni 
"l 
2 ^21 ^22 >'23 yim 
ni 
A=I>'2; "2 H,yv/'h 
3 >'31 >*32 >33 y^ny 
"3 
a }'a2 >-.3 y^n. /la 
"a sr., >•«/"-
OVERALL SAMPLE y*- ~ S-., S"., >'•/ ^ ~ Xili 
Next, consider some points of ciarification relative to the sample variance 
and the analysis of variance as a procedure for testing the equality of 
experimental unit or treatment means. 
Consider that y,, ^2, , represents a sample. For a set of n 
measurements for the sample, the sample variance is 
Xte-P)' 
S'= -^  — (9)  
n -1 
is a measure of sample dispersion. The number of degrees of freedom (i.e., 
number of independent elements in the sample) is n - l  in Equation 9. The sum 
of squares of the n elements -y,y2 -y'• • of Equation 9 is 
and can be designated S S  = - y ) ^  •  These elements are not all 
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independent since ~y) = ^  °"'y of them are independent, and 
suggesting that the sample has n - 1 degrees of freedom (Montgomery, 1991). 
The analysis of variance comes from a partitioning of total variability into 
its component parts. A measure of overall variability in the data is taken by 
using the total corrected sum of squares 
= (10) 
,=1 y=l  
Equation 10 can be written 
SSj = XX(y„ - v..)• = S~ ~ 
/= !  y=l  (=1 ;= i  
u n 
. = 1  ; = I  
tj n 
f= l  j-\ f=\ 
a n 
,=i ,=\  
= "Z ( V,. - v.. ^ ^  0',; - V,. r 
(=1 J=l  7=1 
a n 
+  - ^ ^ ( y . . - y . . ) i y „ - y , . )  
(11 )  
,=1 ;=l 
However, the cross-product term in Equation 11 is zero, since 
X )  = > ' "  ~  - " ( > • , . / « )  =  0  ( 1 2 )  
/ = ! 
Then, Equation 11 simplifies to 
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55j- = 
(13)  
a a n 
1=1 1=1 ;=1 
Upon exannining Equation 13, it is reasonable to partition the total variability in 
the data, as measured by the total corrected sum of squares SSj, into a sum of 
squares of the differences between the experimental unit or treatment averages 
and the grand average (the ^ squares of the 
differences of observations within experimental units or treatments from the 
experimental unit or treatment average. It is important to note that (a) the 
difference between the observed experimental unit or treatment averages and 
the grand average is a measure of differences between experimental unit or 
treatment means, whereas (b) the differences of observations within an 
experimental unit or treatment from the experimental unit of treatment average 
can only be due to random error. As a result, it is useful to write Equation 13 
symbolically as 
^^cxp<fnm<rnlol units or ;reulrnent\ SSe (14) 
Where is called the sum of squares due to experimental 
units or treatments (i.e., between experimental units or treatments), and SSE is 
called the sum of squares due to error (i.e., within experimental units or 
treatments). There are an = N total observations. Thus, SST has N-\ degrees 
of freedom. There are a levels of the factor (and a 
experimental units or treatment means), so this term 55„phas 
a -1 degrees of freedom. Finally, within any treatment there are n replicates 
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providing n -1 degrees of freedom with which to estimate the experimental 
error. Since there are a experimental units or treatments, the degrees of 
freedom for error is ain-l) = an-a = N-a (Montgomery, 1991). 
The ratio of the error sum of squares, SSE ,and degrees of freedom for 
e r r o r ,  ( N - a ) ,  
(15) 
N - a  N  ~ a  
is an estimate of the common variance within each of the a  experimental units 
or treatments (Montgomery, 1991). 
Similarly, if there are no differences between the a  experimental units or 
treatments, the common population variance can be estimated by using the 
variation of the treatment averages from the grand average. Specifically, 
S S  exp enmemal units or treatments j 
"S(y,. -y.j-
(16) 
a — 1 ti - 1 
is an estimate of the common population variance if the treatment means are 
equal. This follows since the quantity ~y-y/(a-l) estimates the 
variance of the experimental unit or treatment averages, so 
-1) can be used to estimate the common population 
variance if there are no differences in experimental unit or treatment means 
(Montgomery, 1991). 
Equation 13 is the analysis of variance identity that provides two 
estimates of the common population variance: one based on the inherent 
variability within experimental units or treatments and one based on the 
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variability between experimental units or treatments. When there are no 
differences in the experimental unit or treatment means, these two estimates 
should be very similar, and if they are not, it is suspected that the observed 
difference must be caused by differences in the experimental unit or treatment 
means. 
The quantities 
SS cxp enmenrul unttx or treurments . . 
WlO cxp enmenidl untrx or rreaiments — —————\ / 
a -1 
and 
MSe = -^ (18) 
N  —  a  
are called mean squares (Montgomery, 1991). 
To formally test the hypothesis of no differences in experimental unit or 
treatment means, the F test (Montgomery, 1991), which is commonly used in 
statistics to compare group means, was used in the present study. The steps of 
how the F test can be performed to study the group means are described here. 
First, a null hypothesis HQ of no differences in treatment means is assumed. If 
the null hypothesis is true, a ratio , which is obtained by dividing the mean 
square due to experimental unit or treatment (Equation 17) by the mean square 
due to error (Equation 18), must be matched with the F distribution. This 
sampling distribution can be used to determine the probability distribution of a 
particular statistic, with a -1 and N-a degrees of freedom (where a is the 
number of experimental units or treatments and the N is the total number of 
observations). The a -1 and N-a degrees of freedom are also called the 
numerator and denominator degrees of freedom, respectively (Montgomery, 
1991). Both the mean square due to experimental unit or treatment and the 
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mean square due to error are unbiased estimators of common population 
variance in the data. 
However, if the null hypothesis is false, then the expected value of 
mean square due to experimental unit or treatment will be greater than the data 
variance, and the hypothesis //q should be rejected on values of the that are 
too large {FQ> F). If the experimental unit or treatment means are different, the 
Fq is larger than F, the null hypothesis is rejected. If FQ<F, the null 
hypothesis is true and therefore there are no differences in experimental 
unit or treatment means. 
To illustrate the F test, three separate examples to calculate F„, obtain 
the F  value from a table (Montgomery, 1991), and decide if there is a significant 
difference or no significant difference between 2 experimental units or 
treatments, are provided from the cable regeneration experiments. These 
examples include (1) a comparison of the percentage obtained from a ratio of 
rim area to cable area times 100 between a proximal location inside the gap 
region of a cuff (P(l)) and a middle location inside the gap region of a cuff (M(l)) 
for the cables with complete sampling (2) a comparison of the percentage 
obtained from a ratio of cable size to lumen size times 100 between collagen 
gel filled lumens and collagen, lamlnin, and fibronectin gel filled lumens at 
proximal locations within the gap (P(l)), and (3) a comparison of the percentage 
obtained from a ratio of acellular area to core area times 100 between sections 
within the same environment (collagen-filled lumen) at the same location inside 
the cuff (P(l)) in the same animal (#923M8C04). The quantitative data are from 
portions of Table 4.4 in the Results section. 
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Comparison of percentages based on rim size to cable size ratios for the PH) 
and MCI^ locations 
Since there are two experimental units or treatments, P(I) and M(I), 
a  (experimental units or treatment number) = 2 
There are 4 replications in P(I) from the cables with complete sampling in collagen - filled 
lumens. They are 
\\, = 29.8 (blue - marked lumen in animal #923M8C04), 
y,, = 30.9 (purple - marked lumen in animal #923M8C04), 
y,, = 24.7 (purple - marked lumen in animal #923M8C05), 
y, ^ = 0.0 (orange - marked lumen in animal #923M8C06) (Table 4.4) 
Therefore 
«, (replication number for experimental unit or treatment 1) = 4 
yi.(mean of experimental unit or treatment I) 
29.8-h 30.9+ 24.7+ 0.0 
4 
= 21.4 
There are 4 replications in P(I) from the cables with complete sampling in collagen - filled 
lumens. They are 
y, I = 50.8 (blue - marked lumen in animal #923M8C04), 
y,, = 48.3 (purple - marked lumen in animal #923M8C04), 
\\ 3 = 18.2 (purple - marked lumen in animaJ #923M8C05), 
y, 4 = 0.0 (orange - marked lumen in animal #923M8C06) (Table 4.4) 
Therefore 
rto (replication number for experimental unit or treatment 2) = 4 
y2.(mean of experimental unit or treatment 2) 
50.8 + 48.3 + 18.2 + 0.0 
4 
= 29.3 
iV(total replication number) = n|+/i; = 4 + 4 = 8 
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ss, = t.'L^y, 
.=1 y=l 
=  ( > • , , -  j , . ) "  +  ( > ' i  :  -  P i . ) "  +  ( > ' i  3  -  ^1 . ) '  +  ( > ' i  4  -  > ' i .  ) •  +  ( > " :  I  -  v . .  ) - + ( > • : :  -  v . .  ) "  
+  ( > 2  3  -  y 2 .  ) '  +  ( ^ 2  4  -  > ' 2 .  ) '  
= (29.8 - 21.4)- + (30.9 - 21.4)" + (24.7 - 21.4)* + (0.0 - 21.4)-
+ (50.8 - 29.3)- + (48.3 - 29.3)" + (18.2 - 29.3)' + (0.0 - 29.3)" 
= 2434.6 
,=i j=\ 
v.. is the overall mean of experimental units or treatments. In this comparison. 
P(I) compared to M(I), v.. is the mean of replications in P(I) and M(I). 
Thus 
29.8 + 30.9 + 24.7 + 0.0 + 50.8 + 48.3 +18.2 + 0.0 
- g 
= 25.3 
Therefore 
SST- = (y ,  ,  -  V. . ) '  - l - ( v ,  :  -y . . ) "  - t - (V ,  3  - ' - ( > •1  4  1  
- ^ ( > • 2  3  - > ' . . ) • + ( > " 2  4  -
= (29.8 - 25.3)- + (30.9 - 25.3)- + (24.7 - 25.3)' + (0.0 - 25.3)' 
+ (50.8 - 25.3)' + (48.3 - 25.3)' + (18.2 - 25.3)' + (0.0 - 25.3)' 
= 2561.8 
SS = SS + ss 
'^'^T cxpenmental unit ttr treatment E 
CC = SS ~ SS 
'^*^c%penmental unit or treatment T E 
= 2561.8-2434.6 
= 127.2 
SS 
_ experimental unit or treatment 
experimental umt or treatment 1 
a - \  
_ 127.2 _ 127.2 
~  2 - 1  ~  1  
= 127.2 
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MSf = 
^  N - a  
_ 2434.6 _ 2434.6 
8 - 2  ~  6  
= 405.8 
* '^exp enmenial untt or treatment 
MSI 
127.2 
~ 405.8 
= 0.31 
From Montgomery's table (Montgomery, 1991, page 604) 
u, = degrees of freedom for experimental unit of treatment = a - 1 = 2 - I = 1 
= degrees of freedom for error =  N - a  =  8 - 2  =  6  
F value with v^ = 1 and u, = 6 is 5.99. 
Since F Q (0.31) is smaller than F  (5.99), there is no significant difference of the 
rim - to - cable size ratio percentages (calculated from the ratio of the rim size to 
the cable size times 100) for P(I) and M(I) comparisons (Table A.2) 
Comparison of percentages based on cable size to lumen size ratios at Pd) for 
the nnixture-filled lumens and the collaaen-filled lumens 
Since there are two experimental units or treatments, mixture - filled lumens 
and collagen - filled lumens, 
a (experimental units or treatment number) = 2 
There are 4 replications from the cables with complete sampling at the proximal location 
in the collagen - filled lumens. They are 
_v,, = 26.0 (blue - marked lumen in animal #923M8C04), 
y,, = 20.2 (purple - marked lumen in animal #923M8C04), 
y, 3 = 11.9 (purple - marked lumen in animal #923M8C05), 
y, 4 = 72.9 (orange - marked lumen in animal #923M8C06) (Table 4.4) 
Therefore 
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n, (replication number for experimental unit or treatment 1) = 4 
>'„(mean of experimental unit or treatment 1) 
26.0+ 20.2+ 11.9+ 72.9 
4 
= 32.8 
There are 4 replications from the cables with complete sampling at the proximal location 
in the mixture - filled lumens. They are 
y-,, = 12.9 (yellow - marked lumen in animal #923MC04). 
y-,, = 10.3 (red - marked lumen in animal #923M8C05), 
w , = 15.9 (green - marked lumen in animal #923M8C10), 
4 = 20.4 (green - marked lumen in animal #923M8C12) (Table 4.4) 
Therefore 
/i, (replication number for experimental unit or treatment 2) = 4 
\s.(mean of experimental unit or treatment 2) 
12.9 + 10.3 + 15.9 + 20.4 
4 
= 14.9 
Mtotal replication number) =• = 4 + 4 = 8 
,=i j=\ 
(3''l I ~ 1« ) (y| 2 ~ Ji. ) (.^1 3 ~ .^ |. ) (,^1 4 ~ 3 1« ) I y2« ^ ^-^2 2 ~ ^ 
(>2 3 ~ (.^2 4 ~ > ' 2 .  ) "  
= (26.0 - 32.8)- + (20.2 - 32.8)' + (11.9 - 32.8)' + (72.9 - 32.8)' 
+ (12.9 - 14.9)' + (10.3 - 14.9)' + (15.9 - 14.9)' + (20.4 - 14.9)' 
= 2306.2 
= XX(>'y 
f=I ;=1 
>•„ is the overall mean of experimental units or treatments. In this comparison, 
collagen - filled lumens compared to mixture - filled lumens, y „  is the mean of 
replications in collagen - filled lumens and mixture - filled lumens. 
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Thus 
26.0 + 20.2 +11.9 + 72.9 + 12.9 +10.3 +15.9 + 20.4 
J.. - g 
= 23.8 
Therefore 
SSr = (>•, I - v..)" + (y, : - v..)" + (y, 3 - v.. )• + (V, 4 - v..)" + (>: i " .v..)" + (>' 
iy'z 3 ~ ^ 4 ~ y 
= (26.0 - 23.8)- + (20.2 - 23.8)- + (11.9 - 23.8)" + (72.9 - 23.8)' 
+ (12.9 - 23.8)- + (10.3 - 23.8)- + (15.9 - 23.8)' + (20.4 - 23.8)' 
= 2945.3 
cc = cc + ss 
^ tu-p fcj *-^exp enmemai unit or jreaimeni E 
SS = ss - ss 
c x p  t n m e n t a l  u n i i  o r  t r e a t m e n t  T  £  
= 2945.3-2306.2 
= 639.1 
S S  
t y f C  «  g x p  e n m e n t u l  u n i t  o r  t r e a t m e n t  
experimental untt or trearmenr CI \ 
639.1 ^ 639.1 
~  2 - 1  ~  1  
= 639.1 
MS, = ~ ^  
^  N - a  
_ 2306.2 _ 2306.2 
8 - 2  ~  6  
= 384.4 
M S  
f" exp ertmental umt or treatment fA — 
MS, 
_ 639.1 
~ 384.4 
= 1.66 
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From Montgomery's table (Montgomery, 1991, page 604) 
u, = degrees of freedom for experimental unit of treatment = a -1 = 2 -1 = 1 
U t  =  d e g r e e s  o f  f r e e d o m  f o r  e r r o r  =  N - a  =  S - 2  =  6  
F value with u, = 1 and u, = 6 is 5.99. 
Since (1.66) is smaller than F  (5.99), there is no significant difference of the 
cable - to - lumen size ratio percentages (calculated from the ratio of the cable 
size to the lumen size times 100) for comparisons between cables from collagen-
filled lumens and mixture - filled lumens (Table A.4). 
Comparison of percentages based on acellular area to core area ratios for 
cables at the same location (Md)) within the same environment (purple-marked 
lumen vs orange-marked lumen and blue-marked lumen, collagen filled in all 
the three lumens) in the same animal (#923M8C04) 
Since there are two experimental units or treatments, the first unit containing 
the purple - marked lumen and the second unit containing the orange - marked 
lumen and the blue - marked lumen, 
a (experimental units or treatment number) = 2 
There is 1 replication in the purple - marked lumen. It is 
_v,, = 60.8 (Table 4.4) 
Therefore 
(replication number for experimental unit or treatment 1)= 1 
v,.(mean of experimental unit or treatment 1) 
_ 60.8 
1 
= 60.8 
There are 2 replications in the unit of orange - marked lumen and blue - marked lumen. 
They are 
1 = (orange - marked lumen), 
>2 2 = 96.2 (blue - marked lumen) (Table 4.4) 
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Therefore 
n, (replication number for experimental unit or treatment 2) = 2 
>-2. (mean of experimental unit or treatment 2) 
97.4 + 96.2 
~ 2 
= 96.8 
/V(total replication number) = «,+/!, = 1 + 2 = 3 
. = 1  ; = l  
~ 1 ^ ^-^2 2 ~ 2« ) 
= (60.8 - 60.8)' + (97.4 - 96.8)' + (96.2 - 96.8)' 
= 0.72 
SST = ^ ^(y,-y.,f 
,=1 ;=1 
v.. is the overall mean of experimental units or treatments. In this comparison, 
the unit containing the purple - marked lumen compared to the unit containing 
the orange - marked lumen and the blue - marked lumen, v.. is the mean of 
replications in both the units. 
Thus 
60.8 + 97.4 + 96.2 
V. .=  5  
= 84.8 
Therefore 
~ (3^11 ~ C^'21 ~ 3'..) (3'; 2 ~ y..) 
= (60.8 - 84.8)' + (97.4 - 84.8)' + (96.2 - 84.8)' 
= 864.72 
SS = SS + ss 7 '"^'^cxpenmentalunitorireatment E 
S S  = :  
cxpenmenial unit or treatment 7" £ 
= 864.72-0.72 
= 864 
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ss 
cxpenmenml unit or treatment 
^^cx^enmental una or treatment ^ j 
864 864 
2 - 1  1  
= 864 
MS, = SS^ 
N - a  
0.72 _ 0.72 
~ 3 - 2 ~  1  
= 0.72 
M S  
f > cxp enmentai unit or treatment n = 
MS, 
864 
0.72 
= 1200 
From Montgomery's table (Montgomery, 1991, page 604) 
u, = degrees of freedom for experimental unit of treatment = a -1 = 2 - 1 = 1 
= degrees of freedom for error =  N - a  =  3 - 2  =  l  
F value with u, = 1 and t), = 1 is 161.4. 
Since (1200) is larger than F  (161.4), there is a significant difference of the 
acellular area - to - core area ratio percentages (calculated from the ratio of the 
acellular area to the core area times 100) for the unit containing the purple-
marked lumen and the unit containing the orange - marked lumen and the 
blue - marked lumen in animal #923M8C04 at this middle location (Table A. 10). 
Tables A.2 - A. 10 show all the statistical results of comparisons between 
nerve sections for their morphometric data. Those comparisons Include the 
overall location comparisons for the cables with complete sampling (Table A.2), 
the overall location comparisons for the cables with complete and partial 
sampling (Table A.3), the overall environment comparisons for the cables with 
complete sampling (Table A.4), the overall environment comparisons for the 
cables with complete and partial sampling (Table A.5), the location 
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comparisons for the cables with complete sampling in a single animal (Table 
A.6), the environment comparisons for the cables with complete sampling in a 
single animal (Table A.7), the location comparisons for the cables with complete 
and partial sampling in a single animal (Table A.8), the environment 
comparisons for the cables with complete and partial sampling in a single 
animal (Table A.9), and the comparisons for cable sections at the same location 
in the same environment in the same animal (Table A.10). 
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Table A.2: Overall location comparisons for the cables with complete sampling 
Comparison* Parameter 
a" n,' n," N« a-l' N-a® F Fo P^ 
Total Cable Area 
Col P(l) vs Col M(l) 2 4 4 8 ^ 6 5.99 0.21 0.6599(+) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.01 0.9180(-) 
Col M(l) vs Col D(l) 2 4 4 8 1 6 5.99 0.16 0.7011(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.02 0.8900(+) 
Mix P(l) vs Mix D(l) 2 4 4 8 1 6 5.99 3.04 0.1318(-) 
Mix M(l) vs Mix D(l) 2 4 4 8 1 6 5.99 3.32 0.1182(-) 
Rim Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 0.44 0.5328(+) 
Col P(l) vs Col D(l) 2 4 4 8 1 6 5.99 0.27 0.6242(-) 
Col M(l) vs Col D(l) 2 4 4 8 1 6 5.99 0.54 0.4907(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 1.21 0.3136(+) 
Mix P(l) vs Mix D(l) 2 4 4 8 1 6 5.99 1.14 0.3260(-) 
Mix M(l) vs Mix D(l) 2 4 4 8 1 6 5.99 3.01 0.1333(-) 
Core Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 1.62 0.2503(+) 
Col P(l) vs Col D(l) 2 4 4 8 1 6 5.99 0.01 0.9636(+) 
Col M(i) vs Cof D(l) 2 4 4 8 1 6 5.99 0.89 0.3821(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.53 0.4922(-) 
Mix P(l) vs Mix D(l) 2 4 4 8 1 6 5.99 8.32 0.0279(-)* 
Mix M(l) vs Mix D(l) 2 4 4 8 1 6 5.99 1.03 0.3498(-) 
Acellular Area of Core 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 0.42 0.5397(+) 
Col P(l) vs Col D(l) 2 4 4 8 1 6 5.99 0.02 0.8944(-) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.57 0.4802(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.53 0.4938(-) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.84 0.3935(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.01 0.9857(-t-) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 2.59 0.1589(+) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.92 0.3751 (+) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 1.00 0.3559(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 2.52 0.1637(f) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.64 0.4529(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.79 0.2299(-) 
* P(l) = Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
0(1) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
' Replication number for experimental unit or treatment 1 (the first section). 
" Replication number for experimental unit or treatment 2 (the second section). 
• Sample size N = n, + 
' Degrees of freedom for experimental unit or treatment 
' Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(+) A larger mean in the first group of sections; (-) A larger mean in the secorxf group of sections; 
(=) An even mean between both groups of sections. 
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Table A.2; Continued 
Comparison Parameter 
a "i nj N a-1 N-a F Fo P 
Rim Area to Cable Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 0.31 0.5958(-) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.25 0.6382(-) 
Col M(l] vs Col 0(1) 2 4 4 8 1 6 5.99 0.01 0.9243{-) 
Mix P(l) vs Mix M(l] 2 4 4 8 1 6 5.99 0.20 0.672g(+) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.59 0,4721(+) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.07 0.8000(+) 
Cable Area to Lumen Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 2.26 0.1838(+) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.01 0.9175(-) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 1.79 0.2294(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.20 0.6667(-) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 9.09 0.0236(-)* 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 3.32 0.1184(-) 
Acellular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 2.82 0.1439(-) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.70 0.4346(-) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.40 0.5526(+) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.01 1.0000(=) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.20 0.6689(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.20 0.6689(-) 
Ceil Number in Core 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 1.12 0.3313(+) 
Col P(l) vs Col 0(1) 2 4 4 6 1 6 5.99 0.91 0.3775(+) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.03 0.8675(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 2.37 0.1749(+) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.01 0.9195(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.95 0.2123(-) 
Cell Numt}er in Rim 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 2.29 0.1808(+) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 1.56 0.2585(+) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.65 0.4523(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.01 0.9834(=) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.01 0.9217(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.01 0.9551(-) 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 4 4 8 1 6 5.99 2.98 0.1351(+) 
Col P(l) vs Col 0(1) 2 4 4 8 1 6 5.99 0.91 0.3770(+) 
Col M(l) vs Col 0(1) 2 4 4 8 1 6 5.99 1.00 0.3559(-) 
Mix P(l) vs Mix M(l) 2 4 4 8 1 6 5.99 4.50 0.0781 (+) 
Mix P(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.60 0.4666(-) 
Mix M(l) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.54 0.2607(-) 
224 
Table A.3: Overall location comparisons for the cables with complete and partial 
sampling 
Comparison* Parameter 
a" n.' ni" N* a-l' N-a» F Fo P^ 
Total Cable Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 0.48 0.4967(+) 
Col P(l) vs Col D(I) 2 11 9 20 1 18 4.41 0.14 0.7124{-) 
Col M(l) vs Col D(l) 2 11 9 20 1 18 4.41 0.19 0.6692(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 1.66 0.2207(+) 
Mix P(l) vs Mix D(l) 2 8 8 16 1 14 4.60 0.59 0.4557(-) 
Mix M(l) vs Mix D(l) 2 7 8 15 1 13 4.67 5.11 0.0416(-)* 
Rim Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 4.45 0.0477(-)' 
Col P(!) vs Col D(l) 2 11 9 20 1 18 4.41 5.56 0.0299(-)* 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.53 0.4779{-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.99 0.3375(+) 
Mix P(l) vs Mix D(l) 2 8 8 16 1 14 4.60 0.13 0.7280(-) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 0.83 0.3784(-) 
Core Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 0.91 0.3506(+) 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.16 0.6944(+) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.19 0.6703(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.56 0.4671(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.93 0.3518(-) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 3.14 0.0997(-) 
Acellular Area of Core 
Col P(l) vs Col M(l} 2 11 11 22 1 20 4.35 0.03 0.8687(-) 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.03 0.8733(-) 
Col M(l) vs Col 0(1) 2 11 •9 20 1 18 4.41 0.01 0.9767(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.10 0.7566(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.43 0.5220(-) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 0.93 0.3529(-) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 7.18 0.0144(+)* 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.09 0.7712(-) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 3.04 0.0981 (-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.15 0.7044(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.28 0.6056(-) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 0.45 0.5137(-) 
* P(i) = Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
0(1) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
Replication number for experimental unit or treatment 1 (the first section). 
" Replication number for experimental unit or treatment 2 (the second section). 
• Sample size N = n, • nj. 
' Degrees of freedom for experimental unit or treatment 
' Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(-•-) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
(=) An even mean between both groups of sections. 
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Table A.3: Continued 
Comparison Parameter 
a ni "2 N a-1 N-a F Fo P 
Rim Area to Cable Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 4.95 0.0378(-)* 
Col P(l) vs Col D(l) 2 11 9 20 1 18 4.41 3.35 0.0838(-) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.02 0.8775(+) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.10 0.7525(-) 
Mb( P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.68 0.4234(+) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 1.25 0.2833(+) 
Cable Area to Lumen Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 0.16 0.6925{+) 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.14 0.7124(-) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.62 0.4423(-) 
Mix P(l) vs Mix M(l) 2 a 7 15 1 13 4.67 0.99 0.3368(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 1.19 0.2929(-) 
Mix M(i) vs Mix 0(1) 2 7 8 15 1 13 4.67 5.10 0.0418(-)* 
Acellular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 6.01 0.0236(-)* 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.84 0.3702(-) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 2.62 0.1229(+) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.02 0.8853(-t-) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.86 0.3682(-) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 1.22 0.2891 (-) 
Cell Numtier in Core 
Col P(l) vs Coi M(l) 2 11 11 22 1 20 4.35 5.35 0.0315(+)-
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.70 0.4140(+) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 4.02 0.0603(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 1.20 0.2924(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.31 0.5880(+) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 0.35 0.5628(-) 
Cell Number in Rim 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 0.57 0.4577(+) 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.01 0.9744(=) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.66 0.4278(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 0.04 0.8510(-) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.02 0.8809(+) 
Mix M(l) vs Mix 0(1) 2 7 8 15 1 13 4.67 0.11 0.7506(+) 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 11 11 22 1 20 4.35 7.39 0.0132(+)* 
Col P(l) vs Col 0(1) 2 11 9 20 1 18 4.41 0.01 1.0000(=) 
Col M(l) vs Col 0(1) 2 11 9 20 1 18 4.41 4.01 0.06C5(-) 
Mix P(l) vs Mix M(l) 2 8 7 15 1 13 4.67 1.03 0.3292(+) 
Mix P(l) vs Mix 0(1) 2 8 8 16 1 14 4.60 0.32 0.5831 (-) 
Mix M(l) vs Mix D(l) 2 7 8 15 1 13 4.67 0.72 0.4118(-) 
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Table A.4: Overall environment comparisons for the cables with complete sampling 
Comparison* Parameter 
a" n,' n," N* a-l' N-a' F Po P" 
Total Cable Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.71 0.4318(-t-) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.63 0.4580(-) 
Col 0(1) vs Mix D(l) 2 4 4 8 1 6 5.99 0.01 0.9243(-) 
Rim Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 1.25 0.3055(-) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.93 0.3709(-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.39 0.5547(-) 
Core Area 
Col P(l) vs Mix P(l) 2 4 4 6 1 6 5.99 1.97 0.2100(+) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.27 0.6228(-) 
Col D(l) vs Mix D(l) 2 4 4 8 1 6 5.99 0.03 0.8793(+) 
Acellular Area of Core 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.89 0.3824(+) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.05 0.8360{-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.39 0.5550(+) 
Blood Vessel Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.20 0.6732(+) 
Col M(() vs Mix M(l) 2 4 4 8 1 6 5.99 1.00 0.3559(-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.24 0.3075(-) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 3.98 0.0930(-) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.31 0.5994(-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.02 0.8997(-) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 1.66 0.2447(+) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.69 0.4364(-) 
Col 0(() vs Mix 0(1) 2 4 4 8 1 6 5.99 0.01 0.9249(-) 
Acellular Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.08 0.7823(+) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 3.48 0.1113(+) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 0.36 0.5686(+) 
Cell Number in Core 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.73 0.4260(-) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 0.03 0.8655(-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.85 0.2222(-) 
Cell Number in Rim 
Col P(l) vs Mix P(l) 2 4 4 8 1 6 5.99 0.01 0.9908(=) 
Col M(l) vs Mix M(l) 2 4 4 8 1 5 5.99 1.74 0.2347(-) 
Col 0(1) vs Mix D(l) 2 4 4 8 1 6 5.99 2.13 0.1945(-) 
Total mood vessel Number 
Col P(I) vs Mix P(1) 2 4 4 8 1 6 5.99 0.07 0.7974(=) 
Col M(l) vs Mix M(l) 2 4 4 8 1 6 5.99 1.00 0.3559(-) 
Col 0(1) vs Mix 0(1) 2 4 4 8 1 6 5.99 1.14 0.3269(-) 
* P(i) = Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
0(1) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment numtier. 
° Replication number for experimental unit or treatment 1 (the first section). 
" Replication numt>er for experimental unit or treatment 2 (the second section). 
• Sample size N = n, + 
' Degrees of freedom for experimental unit or treatment 
° Degrees of freedom for error. 
" P value with a star sign representating significant differences tietween the sections at level of P = 0.05; 
(-*-) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
(=) An even mean between both groups of sections. 
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Table A.5: Overall environment comparisons for the cables with complete and 
partial sampling 
Comparison* Parameter 
a" a 
, 
o
 N* 8-l' N-a» F Fo P" 
Total Cable Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.01 0.9192{-) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 1.03 0.3242(+) 
Col D(l) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.14 0.7130(-) 
Rim Area 
Col P(I) vs Mix P(l) 2 11 8 19 1 17 4.45 4.86 0.0416(-)* 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 1.22 0.2858(+) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.40 0.5358(+) 
Core Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.30 0.5880(+) 
Col M(l} vs Mix M(l) 2 11 7 18 1 16 4.49 0.09 0.7709(+) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.42 0.5268(-) 
Aceliular Area of Core 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.17 0.6894(+) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 1.11 0.3075(+) 
Col 0(() vs Mix 0(1) 2 9 8 17 1 15 4.54 0.01 0.9869(+) 
Blood Vessel Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.86 0.3679(+) 
Col M(l) vs Mbc M(l) 2 11 7 18 1 16 4.49 3.24 0.0909(-) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.09 0.7704(+) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 2.84 0.1102(-) 
Col M(I) vs Mix M(l) 2 11 7 18 1 16 4.49 0.12 0.7294{+) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 1.18 0.2945(+) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.03 0.8710(+) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 0.51 0.4866(+) 
Col 0(1) vs Mix 0(1) 2 9 a 17 1 15 4.54 0.14 0.7125(-) 
Aceliular Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.25 0.6250(+) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 12.88 0.0025(+)* 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.11 0.7459(+) 
Cell Number in Core 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.03 0.8717(-) 
Col M{1) vs Mix M(l) 2 11 7 18 1 16 4.49 3.28 0.0889(-) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.14 0.7106(-) 
Cell Number in Rim 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.88 0.3626(-) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 4.09 0.0601 (-) 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.49 0.4949(-) 
Total blood Vessel Number 
Col P(l) vs Mix P(l) 2 11 8 19 1 17 4.45 0.06 0.8060(=) 
Col M(l) vs Mix M(l) 2 11 7 18 1 16 4.49 5.89 0.0274(-)* 
Col 0(1) vs Mix 0(1) 2 9 8 17 1 15 4.54 0.19 0.6661(-) 
P(l) ~ Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
0(1) - Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
Replication number for experimental unit or treatment 1 (the first section). 
" Replication number for experimental unit or treatment 2 (the second section). 
* Sample size N » ni 
' Degrees of freedom for experimental unit or treatment 
' Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(-••) A larger mean in the first group of sections; (-) A larger mean In the second group of sections; 
(=) An even mean between both groups of sections. 
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Table A.6: Location comparisons for the cables with complete sampling in a single 
animal 
Comparison Parameter 
a" "i® N* a-l' N-a" F Fo P" 
Animal #923M8C04 
Total Cable Area 
Col P{l) vs Col M(l} 2 2 2 4 1 2 18.51 18.93 0.0490(+)* 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.02 0.9065(-) 
Col M{l) vs Col D(l) 2 2 2 4 1 2 18.51 2.84 0.2342(-) 
Rim Area 
Col P(l) vs Col l\/I(l) 2 2 2 4 1 2 18.51 6.57 0.1245(+) 
Col P{l) vs Col D(l) 2 2 2 4 1 2 18.51 0.27 0.6529(-) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.47 0.5642(-) 
Core Area 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 25.00 0.0377(+)* 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 1.21 0.3862(+) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 1.18 0.3902(-) 
Acellular Area of Core 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 15.21 0.0599(-) 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.92 0.43a2(-) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.05 0.8443(+) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 12.51 0.0715(+) 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 2.42 0.2598(+) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 1.00 0.4226(-) 
Rim Area to Cat)le Area 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 197.66 0.0050(-)* 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.11 0.7692(-) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.02 0.8967{+) 
Cable Area to Lumen Area 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 18.39 0.0503(+) 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.02 0.9059(-) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 2.86 0.2328(-) 
Acellular Area of Core to Core Area 
Col P(l) vs Col M{l) 2 2 2 4 1 2 18.51 15.40 0.0592(-) 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 1.03 0.4172(-) 
Col M(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.29 0.5447(+) 
Cell Number in Core 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 499.85 0.0020(+)* 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 1.97 0.2955(+) 
Col M(l) vs Col 0(1) 2 2 2 4 - 1  2  18.51 1.03 0.4167(-) 
Cell Number in Rim 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 22.24 0.0421 (+)• 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 15.72 0.0581 (+) 
Col M(l) vs Col 0(1) 2 2 2 4 1 2 18.51 0.52 0.5472(-) 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 2 2 4 1 2 18.51 289.00 0.0034{+)* 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 3.27 0.2123(+) 
Col M(l) vs Col 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226(-) 
P(l) = Proximal location Inside the gap region; M(l) = Middle location inside the gap region; 
0(1} = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
Replication number for experimental unit or treatment 1 (the first section). 
Replication number for experimental unit or treatment 2 (the second section). 
• Sample size N = ni * ni. 
' Degrees of freedom for experimental unit or treatment. 
' Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(•••) A larger mean in the first group of sections; (-) A larger mean in the second group of sections. 
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Table A.7: Environment comparisons for the cables with complete sampling in a 
single animal 
Comparison* Parameter 
D a c d n, nj N' a-l' N-a' p Fa P" 
Animal #923M8C04 
Total Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 4.21 0.2887(+) 
Col M(l) vs Mix M(!) 2 2 1 3 1 1 161.40 0.17 0.7509(-) 
Col 0(1) vs Mix D(l) 2 2 1 3 1 1 161.40 4.86 0.2711(-) 
Rim Area 
Col P(I) vs Mix P(l) 2 2 1 3 1 1 161.40 1.50 0.4363(-) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 7.24 0.2265(-) 
Col D(l) vs Mix D(l) 2 2 1 3 1 1 161.40 0.09 0.8157(-) 
Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 10.13 0.193a(+) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.98 0.5031(+) 
Col 0(1) vs Mix D(l) 2 2 1 3 1 1 161.40 9.36 0.2011(-) 
Acellular Area of Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 2.09 0.3384(+) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 37.67 0.1028(+) 
Col D(l) vs Mix D(I) 2 2 1 3 1 1 161.40 1.00 0.5000(+) 
blood Vessel Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 2.61 0.3529(+) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 N/A N/A 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 12.78 0.1736(-) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 1416.22 0.0169(-)* 
Col M(l)vs Mix M(i; 2 2 1 3 1 1 161.40 43.93 0.0953(-) 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.01 0.9365(+) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 4.12 0.2913(+) 
Col M(I) vs Mix M(I) 2 2 1 3 1 1 161.40 0.18 0.7469(-) 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 16140 4.90 0.2700(-) 
Aceilular Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 7.29 0.2259(+) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 6.56 0.2370(+) 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.04 0.8709(+) 
Cell Number in Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 1160.33 0.0187(+)* 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.12 0.7877(-) 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 7.24 0 2266(-) 
Cell Number in Rim 
Col P(l)vs Mix P(l) 2 2 1 3 1 1 161.40 0.01 0.9476(+) 
Col M(l) vs Mix M(l) 2 2 1 3 1 1 161.40 255.15 0.0398(-)* 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 41.68 0.0978(-) 
I otai Ulood Vessel Numoer 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 40.33 0.0994(+) 
Col M(I) vs Mix M(l) 2 2 1 3 1 1 161.40 N/A N/A 
Col 0(1) vs Mix 0(1) 2 2 1 3 1 1 161.40 23.15 0.1305(-) 
P{l) = Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
D(l) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
Replication number for experimental unit or treatment 1 (the first section). 
" Replication number for experimental unit or treatment 2 (the second section). 
' Sample size N = n, + nj. 
' Degrees of freedom for experimental unit or treatment. 
' Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(+) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
N/A = Not applicable. 
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Table A.8: Location comparisons for the cables with complete and partial sampling 
in a single animal 
Comparison Parameter 
a" n.' ni" N* »-l' N-a" F Fo P" 
Animal #g23M8C04 
Total Cable Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 19.46 0.0216(+)* 
Col P(l) vs Col D(l) 2 2 3 5 1 3 10.13 0.24 0.6602(-) 
Col M(l) vs Co! D(l) 2 3 3 6 1 4 7.71 7.75 0.0497(-)-
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.13 0.7781(-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 13.13 0.1714(-) 
Rim Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 0.37 0.5857(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.74 0.4528(-) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 1.50 0.2882(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 24.90 0.1259(-»-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 1243.34 0.0180(-)* 
Core Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 44.81 0.0068(+)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 1.70 0.2830(+) 
Col M(l) vs Col D(l) 2 3 3 6 1 4 7.71 4.16 O.llll(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.28 0.6904(-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 4.99 0.2678(-) 
Acellular Area of Core 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 15.21 0.0599(-) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 1.51 0.3065(-) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 0.56 0.4962(+) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.33 0.6667(+) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 22.52 0.0177(+)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.66 0.4757(+) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 3.23 0.1466(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)• 
0(1) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment numtier. 
" Replication numtwr for experimental unit or treatment 1 (the first section). 
" Replication number for experimental unit or treatment 2 (the second section). 
* Sample size N = n, + 
' Degrees of freedom for experimental unit or treatment 
" Degrees of freedom for error. 
" P value with a star sign representating significant differences tKtween the sections at level of P = 0.05; 
{*) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
(=) An even mean between both groups of sections; N/A = Not applicable. 
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Table A.8: Continued 
Comparison Parameter 
a ni "2 N a-1 N-a F Fo P 
Animal #923M8C04 
Rim Area to Cable Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 17.44 0.0250(-)* 
Col P(l) vs Col 0(1] 2 2 3 5 1 3 10.13 0.40 0.5723(-) 
Col M(l} vs Col D(l) 2 3 3 6 1 4 7.71 0.03 0.8734(+) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.42 0.6335(+) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.07 0.8331(+) 
Cable Area to Lumen Area 
Col P(l} vs Col M(l) 2 2 3 5 1 3 10.13 18.91 0.0225(+)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.24 0.6590(-) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 2.86 0.0494(-)'' 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.14 0.7754(-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 13.19 0.1710(-) 
Acellular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 23.95 0.0163(-)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 1.03 0.3841 (-) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 1.92 0.2378(+) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.33 0.6667{+) 
Cell Number in C^re 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 252.37 0.0005(+)* 
Col P{l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.03 0.8689(+) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 3.16 0.1500(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 65.33 0.0784(+) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 1496.33 0.0165(-)-
Cell Number in Rim 
Col P(I) vs Col M(l) 2 2 3 5 1 3 10.13 37.57 0.0087(+)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 2.20 0.2350(+) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 1.99 0.2308(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.01 0.9741 (+) 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.09 0.8139(-) 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 520.20 0.0002(+)* 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 2.14 0.2394(+) 
Col M(l) vs Col 0(1) 2 3 3 6 1 4 7.71 3.93 0.1185(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Mix M(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)• 
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Table A.8: Continued 
Comparison Parameter 
a N a-1 N-a F Fo P 
Animal #923M8C05 
Total Cable Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.89 0.5192(-t-) 
Col P(i) vs Col D(l) 2 2 3 5 1 3 10.13 0.03 0.3715(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.33 0.6260(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.29 0.6866(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 2.39 0.3654(-) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 5.30 0.1479(-) 
Rim Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 8.15 0.2145(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.32 0.6112(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.23 0.6815(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 3.65 0.3070(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 6.47 0.2384(-) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 11.91 0.0747(-) 
Core Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.59 0.5833(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.07 0.8134(+) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.34 0.6207(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.04 0.a777(+) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.75 0.5448(-} 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 2.35 0.2647(-) 
Acellular Area of Core 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 2.94 0.3360(-) 
Col P(l) vs Col 0(1) 2 2 3 • 5 1 3 10.13 2.51 0.2113(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.37 0.6041(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 0.03 0.8831 (+) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.33 0.6667(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.08 0.7977(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.25 0.6667(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.16 0.7586(+) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.19 0.7365(+) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 0.01 0.g944(-) 
Rim Area to Cable Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.01 0.9913(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.28 0.6349(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.13 0.7559(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 675.00 0.0245(-)* 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 50.36 0.0891(-) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 32.14 0.0297(.)* 
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Table A.8:Continued 
Comparison Parameter 
a Bl N a-1 N-a F Fo P 
Animal #923M8C0S 
Cable Area to Lumen Area 
Col P(l) vs Col M{l) 2 2 1 3 1 1 161.40 0.90 0.5165(+) 
Col P(l) vs Cot D(I) 2 2 3 5 1 3 10.13 0.03 0.8698(-) 
Col M(l) vs Col D(l) 2 1 3 4 1 2 18.51 0.33 0.6225(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.27 0.6949(-) 
Mix P(l) vs Mix D(l) 2 1 2 3 1 1 161.40 2.38 0.3659(-) 
Mix M(l) vs Mix D(l) 2 2 2 4 1 2 18.51 5.33 0.1473(-) 
Acellular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 4.87 0.2710(-) 
Col P(l) vs Col D(l) 2 2 3 5 1 3 10.13 3.69 0.1503(-) 
Col M(l) vs Col D(l) 2 1 3 4 1 2 18.51 0.07 0.8176(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix P(l) vs Mix D(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Mix M(l) vs Mix D(l) 2 2 2 4 1 2 18.51 0.06 0.8278(+) 
Cell Numt>er in Core 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.21 0.7286(+) 
Col P(l) vs Col D(l) 2 2 3 5 1 3 10.13 0.96 0.3992(+) 
Col M(l) vs Col D(l) 2 1 3 4 1 2 18.51 0.02 0.8913(+) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 1.12 0.4819(+) 
Mix P(l) vs Mix D(l) 2 1 2 3 1 1 161.40 0.50 0.6072(+) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 1.24 0.3820(-) 
Cell Number in Rim 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 9999.99 0.0001 (+)• 
Col P(l) vs Col D(l) 2 2 3 5 1 3 10.13 0.13 0.7458(.) 
Col M(l) vs Col D(l) 2 1 3 4 1 2 18.51 0.19 0.7055(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.47 0.6174(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 1.14 0.4797(-) 
Mix M(l) vs Mix 0(1) 2 2 2 4 1 2 18.51 0.90 0.4424(-) 
Total Blood Vessel Numt>er 
Col P(l) vs Col M(l) 2 2 1 3 1 1 161.40 0.33 0.6667(+) 
Col P(l) vs Col 0(1) 2 2 3 5 1 3 10.13 0.18 0.6964(-) 
Col M(l) vs Col 0(1) 2 1 3 4 1 2 18.51 0.25 0.6667(-) 
Mix P(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.65 0.5672(+) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.12 0.7877(+) 
Mix M(I) vs Mix 0(1} 2 2 2 4 1 2 18.51 0.32 0.6286(-) 
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Table A.8: Continued 
Comparison Parameter 
a D: N a-1 N-a F Fo P 
Animal «923M8C06 
Total Cable Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 84.77 0.0027(+)* 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 0.15 0.7372(+) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 3.11 0.1759(.) 
Mix P(l) vs Mix D(l) 2 1 2 3 1 1 161.40 0.21 0.7289(+) 
Rim Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 1.89 0.2624(-) 
Col P(l) vs Col D(l) 2 2 2 4 1 2 18.51 1.00 0.4226(-) 
Col M(i) vs Col 0(1) 2 3 2 5 1 3 10.13 0.02 0.8910{-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 9999.99 0.0001 (+)* 
Core Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 68.29 0.0037(+)* 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 0.33 0.6254(+) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 1.36 0.3285(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.01 0.9528(+) 
Aceilular Area of Core 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 37.56 0.0087(+)* 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 0.15 0.7372(+) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 3.41 0.1618(-) 
Mix P(l) vs Mix D(l) 2 1 2 3 1 1 161.40 0.01 0.9528(+) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 N/A N/A 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 N/A N/A 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 N/A r^A 
Rim Area to Cable Area 
Col P(l)vsCol M(l) 2 2 3 5 1 3 10.13 2.33 0.2246(-) 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226{-) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 0.03 0.8808(+) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 9999.99 0.0001(+)* 
Cable Area to Lumen Area 
Col P(l) vs Col M(i) 2 2 3 5 1 3 10.13 84.81 0.0027(+)* 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 0.15 0.7376(+) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 3.12 0.1757(-) 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 0.20 0.7305(+) 
Aceilular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 N/A N/A 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 N/A N/A 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 N/A N/A 
Cell Number in Core 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 N/A N/A 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226(-) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 1.80 0.2722(-) 
Mix P(i)vsMixD(l) 2 1 2 3 1 1 161.40 3.52 0.3117(+) 
Cell Number in Rim 
Col P(l) vs Col M(l) 2 2 3 5 1 3 10.13 2.26 0.2297(-) 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226(-) 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 0.06 0.8245(+) 
Mix P(t)vsMixO(l) 2 1 2 3 1 1 161.40 9999.99 0.0001(-^)* 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 2 3 S 1 3 10.13 N/A N/A 
Col P(l) vs Col 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Col M(l) vs Col 0(1) 2 3 2 5 1 3 10.13 N/A N/A 
Mix P(l) vs Mix 0(1) 2 1 2 3 1 1 161.40 N/A N/A 
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Table A.8: Continued 
Comparison Parameter 
a Hi nj N »-l N-a F Fq p 
Animal #923M8C09 
Total Cable Area 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.08 0.8030(+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.30 0.6817(+) 
Rim Area 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.02 0.8959(+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.24 0.7103(+) 
Core Area 
Col P(l) vs Col M{l) 2 3 4 2 18.51 0.10 0.7846(+) 
Mix P(l) vs Mix M(l} 2 2 3 1 161.40 0.32 0.6734(+) 
Acellular Area of Core 
Col P(l) vs Col M(l) 2 3 4 2 18.51 49.89 0.019S(-r 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 24.84 0.1261(.) 
Blood Vessel Area 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.83 0.4596(+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.28 0.6880(+) 
Rim Area to Cable Area 
Col P(l) vs Col M(i) 2 3 4 2 18.51 0.01 0.9268(+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.75 O.S456(-) 
Cable Area to Lumen Area 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.08 0.8010{+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.30 0.6832(+) 
Acellular Area of Core to Core Area 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.15 0.7320(-) 
Mix P(I) vs Mix M(l) 2 2 3 1 161.40 21.54 0.1351(-) 
Cell Number in Core 
Col P(l) vs Col M(l) 2 3 4 2 18.51 0.42 0.5a29{-t-) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.47 0.6168(+) 
Cell Numt)er in Rim 
Col P(l) vs Col M(l) 2 3 4 2 18.51 9.32 0.0926(-) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.09 0.8117{+) 
Total Blood Vessel Number 
Col P(l) vs Col M(I) 2 3 4 2 18.51 1.00 0.4226(+) 
Mix P(l) vs Mix M(l) 2 2 3 1 161.40 0.04 0.8790(-t-) 
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Table A.8: Continued 
Comparison Parameter 
a ni "2 N a-1 N-a F Fo P 
Animal #923M8C10 
Total Cable Area 
Col P(l) vs Col M(l) 2 1 3 4 1 2 18.51 0.75 0.4768(-) 
Col M(l) vs Col D(l) 2 3 1 4 1 2 18.51 1.07 0.4091(+) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.49 0.6106(-) 
Mix P(l) vs Mix D(l) 2 2 1 3 1 1 161.40 0.02 0.9212(+) 
Rim Area 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 1.00 0.4231(-) 
Col M(l) vs Col 0(1} 2 3 4 1 2 18.51 0.11 0.7718(-) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.12 0.7863(+) 
Mix P(l) vs Mix D(l) 2 2 1 3 1 1 161.40 3.69 0.3055(-) 
Core Area 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 0.10 0.7823(-) 
Col M(l) vs Col D(l) 2 3 1 4 1 2 18.51 0.45 0.5716(+) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.39 0.6440(-) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.26 0.7002(+) 
Acellular Area of Core 
Col P(l) vs Col M(!) 2 1 4 1 2 18.51 0.39 0.5951(-) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 1.41 0.3S67(+) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.65 0.5687(-) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.49 0.6126(+) 
Slood Vessel Area 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 N/A N/A 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 N/A N/A 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 N/A N/A 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 N/A N/A 
Rim Area to Cable Area 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 0.63 0.5099(-) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 0.01 0.9671(-) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.24 0.7117(+) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 1.07 0.4894(-) 
Cable Area to Lumen Area 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 0.75 0.4781 (-) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 1.07 0.4089(+) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.49 0.6105(-) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 0.02 0.9197(+) 
Acellular Area of Core to Core Area 
Col P(!) vs Col M(l) 2 1 4 1 2 18.51 0.25 0.6667(+) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 8.22 0.1032(+) 
Mix P(l) vs Mix M(l} 2 2 1 3 1 1 161.40 0.33 0.6667(-) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 14.81 0.1618(+) 
Cell Numtier in Core 
Col P(I) vs Col M(l) 2 1 4 1 2 18.51 0.17 0.7209(-) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 12.49 0.0716(-) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.01 0.9268(+) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 4.16 0.2902(-) 
Cell Number in Rim 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 0.34 0.6197(-) 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 0.08 0.7986(=) 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 0.01 0.9666(-) 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 1.46 0.4404(-) 
Total Blood Vessel Number 
Col P(l) vs Col M(l) 2 1 4 1 2 18.51 N/A N/A 
Col M(l) vs Col 0(1) 2 3 1 4 1 2 18.51 N/A N/A 
Mix P(l) vs Mix M(l) 2 2 1 3 1 1 161.40 N/A N/A 
Mix P(l) vs Mix 0(1) 2 2 1 3 1 1 161.40 N/A N/A 
237 
Table A.8: Continued 
Comparison Parameter 
a n, n, N «-I N-a p Fg p 
Animal #923M8C12 
Total Cable Area 
Mix P(l) vs Mix D(l) 2 2 3 1 1 161.40 1.54 0.4314(+) 
Mix M(l) vs Mix D(l) 2 2 3 1 1 161.40 0.68 0.5611(-) 
nm Area 
Mix P(l) vs Mix D(l) 2 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Mix M(l) vs Mix D(l) 2 2 3 1 1 161.40 9999.99 0.0001 (+)* 
Core Area 
Mix P(l) vs Mix D(l) 2 2 3 1 1 161.40 1.32 0.4555(-) 
Mix M(l) vs Mix D(I) 2 2 3 1 1 161.40 1.70 0.4170(-) 
Acellular Area of Core 
Mix P(l) vs Mix D(l) 2 2 3 1 1 161.40 2.97 0.3348(-) 
Mix M(l) vs Mix D(l) 2 2 3 1 1 161.40 2.97 0.3348(-) 
Blood Vessel Area 
Mix P(l) vs Mix D(l) 2 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Rim Area to Cable Area 
Mix P(l} vs Mix D(l) 2 2 3 1 1 161.40 9999.99 0.0001 (•)• 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Cable Area to Lumen Area 
Mix P(l) vs Mix 0(1) 2 2 3 1 1 161.40 0.05 0.8640(-) 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 0.67 0.5627(-) 
Acellular Area of Core to Core Area 
Mix P(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (-)• 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (-)* 
Cell Number in Core 
Mix P(l) vs Mix 0(1) 2 2 3 1 1 161.40 966.57 0.0055(+)* 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 1496.33 0.0165(+)* 
Cell Number in Rim 
Mix P(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (•)• 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (+)* 
Total Blood Vessel Numt>er 
Mix P(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (+)* 
Mix M(l) vs Mix 0(1) 2 2 3 1 1 161.40 9999.99 0.0001 (+)* 
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Table A.9: EnvironmQnt comparisons for the cables with complete and partial 
sampling in a single animal 
Comparison* Parameter 
n,® Bj" N* a-l' N-a' F Fo P" 
Animal #923M8C04 
Total Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 4.21 0^887(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 1.39 0.3239(-) 
Col D(l) vs Mix D(l) 2 3 1 4 1 2 18.51 7.59 0.1104(-) 
Kim Area 
Col P(l) vs Mix P{l) 2 2 1 3 1 1 161.40 1.50 0.4363(-) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 0.11 0.7632(-) 
Col D(l) vs Mix D(l) 2 3 1 4 1 2 18.51 0.10 0.7790(-) 
Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 10.13 0.1938(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 1.21 0.3519(-) 
Col D(l) vs Mix D(l) 2 3 1 4 1 2 18.51 19.30 0.04ai(-)' 
Acellular Area ot Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 2.89 0.3384(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 0.39 0.5780(-) 
Col 0(1) vs Mix 0(1) 2 3 1 4 1 2 18.51 2.13 0.2819(+) 
Blood Vessel Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 2.61 0.3529(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 N/A N/A 
Col D(l) vs Mix D(l) 2 3 1 4 1 2 18.51 6.70 0.1225(-) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 1416.22 0.0169{-)* 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 0.32 0.6106(+) 
Col 0(1) vs Mix D<l) 2 3 1 4 1 2 18.51 0.07 0.8110(+) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 4.12 0.2913(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 1.39 0.3234(.) 
Col D(l) vs Mix 0(1) 2 3 1 4 1 2 18.51 7.64 0.1098(-) 
Acellular Area ot Core to Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 7.29 0.2259(+) 
Col M(l) vs Mix M(l] 2 3 2 5 1 3 10.13 1.10 0.3711(+) 
Col 0(1) vs Mix D(l) 2 3 1 4 1 2 18.51 0.67 0.4995{+) 
Cell Number in Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 1160.33 0.0187(+)* 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 0.25 0.6525(-) 
Col 0(1) vs Mix 0(1) 2 3 1 4 1 2 18.51 2.00 0.2930(-) 
Cell Number in Kim 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.01 0.9476(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 3.51 0.1577(-) 
Col 0(1) vs MIX D(L) 2 3 1 4 1 2 18.51 2.24 0.2735(-) 
Total Blood Vessel Number 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 40.33 0.0994(+) 
Col M(l) vs Mix M(l) 2 3 2 5 1 3 10.13 N/A N/A 
Col 0(1) vs Mix D(l) 2 3 1 4 1 2 18.51 29.31 0.0325(-)* 
* P(l) = Proximal location inside the gap region; M(l) = Middle location inside ttie gap region; 
0<l) = Distal location inside the gap region; Col = Collagen-filled lumens; Mix = Mixture-filled lumens. 
" Experimental unit or treatment number. 
Replication number for experimental unit or treatment 1 (the first section). 
Replication number for experimental unit or treatment 2 (the second section). 
• Sample size N = ni + nj. 
' Degrees of fi^eedom for experimental unK or treatment 
' Degrees of freedom for enor. 
P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(-*-) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
N/A = Not applicable. 
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Table A.9: Continued 
Comparison Parameter 
a ni 02 N a-I N-a p Fo P 
Animal #923MaC05 
Total Cable Area 
Col P{l) vs Mix P<I) 2 2 1 3 1 1 161.40 0.61 0.5781(+) 
Col M(I) vs Mix M(l) 2 1 2 3 1 1 161.40 0.81 0.5340(-) 
Col D(l) vs Mix D(l) 2 3 2 5 1 3 10.13 0.74 0.4539(-) 
Rim Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 Z02 0.3901(-) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 5.55 0.2555(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 1.43 0.3171(-) 
Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.46 0.6201(+) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.02 0.9221(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 0.12 0.7509(-) 
Acelluiar Area of Core 
Col P(l) vs Mix P(I) 2 2 1 3 1 1 161.40 0.33 0.6667(+) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 3.96 0.2964(+) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 2.76 0.1954(+) 
Blood Vessel Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.02 0.9199(-) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 0.17 0.7055(+) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.07 0.8386(-) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 956.63 0.0206(-)* 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 1.43 0.3181(-) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.61 0.5772(+) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.80 0.5353(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 0.74 0.4531(-) 
Acelluiar Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.33 0.5667(+) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 6.48 0.2384(+) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 4.55 0.1227(+) 
Cell Number In Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 0.01 0.9301 (-) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.11 0.7932(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 2.15 0.2391 (-) 
Cell Number in Rim 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 9999.99 0.0001(+)* 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.57 0,5872(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 4.11 0.1356(-) 
Total Blood Vessel Number 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 1.33 0.4544(-) 
Col M(l) vs Mix M(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Col 0(1) vs Mix 0(1) 2 3 2 5 1 3 10.13 0.01 0.9806(+) 
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Table A.9: Continued 
Comparison Parameter 
a Dl N ft-1 N-a F Fo P 
Animal #923M8C06 
Total Cable Area 
Col P(I) vs Mix P(l) 2 2 1 3 1 1 161.40 2581.10 0.0125(+) 
Col D(l) vs Mix D(l) 2 2 2 4 1 2 18.51 0.25 0.6042(+) 
Rim Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)* 
Col D(l) vs Mix D(l) 2 2 2 4 1 2 18.51 1.00 0.4226(+) 
Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 7.22 0.2267(+) 
Col D(l) vs Mix D(l) 2 2 2 4 1 2 18.51 0.01 0.9310(+) 
Acellular Area of Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 7.22 0.2267(+) 
Col D(I) vs Mix D(l) 2 2 2 4 1 2 18.51 0.25 0.6642(+) 
Blood Vessel Area 
Col P(l) vs Mix P{l) 2 2 1 3 1 1 161.40 N/A N/A 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)• 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226(+) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 2.33 0.3695(+) 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 0.25 0.6655(+) 
Acellular Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 N/A N/A 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Cell Numt>er in Core 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)* 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 0.10 0.7806(-) 
Cell Numtjer in Rim 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 9999.99 0.0001 (-)• 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 1.00 0.4226(+) 
Total Blood Vessel Number 
Col P(l) vs Mix P(l) 2 2 1 3 1 1 161.40 N/A N/A 
Col 0(1) vs Mix 0(1) 2 2 2 4 1 2 18.51 N/A N/A 
Table A.9; Continued 
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Comparison Parameter 
a ni N 8-1 N-tt F Fo P 
Animal #923M8C09 
Total Cable Area 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 1.77 0.2757(+) 
Rim Area 
Col P(l) vs Mix P(I) 2 3 2 5 1 3 10.13 1.60 0.2950(-) 
Core Area 
Col P{1) vs Mix P(l) 2 3 2 5 1 3 10.13 0.27 0.6378(-) 
Acellular Area of Core 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.21 0.6775(+) 
Blood Vessel Area 
Col P(l) vs Mix P(I) 2 3 2 5 1 3 10.13 0.33 0.6044(-) 
Rim Area to Cable Area 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 1.29 0.3384(-) 
Cable Area to Lumen Area 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.48 0.5385{.) 
Acellular Area of Core to Core Area 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.51 0.5273(+) 
Cell Number in Core 
Col P{l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.19 0.6912(-) 
Cell Number in Rim 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.57 0.5035(-) 
Total Blood Vessel Number 
Col P(l) vs Mix P(l) 2 3 2 5 1 3 10.13 0.03 0.8703{+) 
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Table A.9: Continued 
Comparison Parameter 
a HI N a-1 N-a F Fo P 
Animal #923M8C10 
Total Cable Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.04 0.8674{-) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.03 0.8719(+) 
Rim Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.82 0.4617(+) 
Core Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.01 0.9730{-) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.03 0.8822{-) 
Acellular Area of Core 
Col P(I) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.01 0.9765(+) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.01 0.9823(-) 
Blood Vessel Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 N/A N/A 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 N/A N/A 
Rim Area to Cable Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Col M(l) vs Mix M(l) 2 3 1 4 1 2 18.51 0.54 0.5391 (+) 
Cable Area to Lumen Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.04 0.8684{-) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.03 0.8728(+) 
Acellular Area of Core to Core Area 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.33 0.6667(+) 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 0.25 0.6667(-) 
Cell Number in Core 
Col P(l) vs Mix P(l) 2 1 2 3 1 1 161.40 0.04 0.8790(-) 
Col M(l) vs Mbc M(i) 2 3 1 4 1 2 18.51 0.11 0.7735(+) 
Cell Numt>er in Rim 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 0.33 0.6667{-) 
Col M(l) vs Mix M(l) 2 3 1 4 1 2 18.51 0.03 0.8745(+) 
Total Blood Vessel Number 
Col P(l) vs Mbc P(l) 2 1 2 3 1 1 161.40 N/A N/A 
Col M(l) vs Mbc M(l) 2 3 1 4 1 2 18.51 N/A N/A 
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Table A.10: Comparisons for cable sections at the same location within the 
same environment in the same animal 
Companson" Parameter 
a" n,= n," N" a-r N-a* p Fo P" 
Animal #923M8C£)4, M(l) 
Total Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.01 0.9733(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 3.66 0.3067(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 2.48 0.36G0(-) 
ftim Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.11 0.7943(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 24.23 0.1276(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.78 0.5391 (-) 
Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 2.30 0.3714(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.01 0.9619(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161-40 4.00 0.2953(-) 
Acellular Area of Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 2.71 0.3475(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 3.33 0.3192(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.01 0.9858(-) 
Blood Vessel Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 N/A N/A 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.68 0.5604(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 35.23 0.1063(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.14 0.7729(-) 
Cable Area to Lumen Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.01 0.9765(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 3.57 0.3099(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 2.54 0.3568(-) 
Acellular Area of Core to Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 1200.00 0.0184(-)* 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.38 0.6483(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.29 0.6850(+) 
Cell Number in Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 3.00 0.3333(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 3.00 0.3333(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.01 1.0000(=) 
Cell Number in Rim 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.01 0.9666(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 2.37 0.3667(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 3.85 0.3000(+) 
Total Blood Vessel Number 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A  
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 N/A N/A 
" P(l) = Proximal location inside the gap region; M(l) = Middle location inside the gap region; 
D(l) = Distal location inside the gap region; Purple = Purple-marked lumen; Orange = Orange-marked 
lumen; Blue = Blue-marked lumen; Collagen in all the three lumens. 
" Experimental unit or treatment numt)er. 
Replication number for experimental unit or treatment 1 (the first section). 
Replication number for experimental unit or treatment 2 (the second section). 
' Sample size N = ni + oj 
' Degrees of freedom for experimental unit or treatment. 
° Degrees of freedom for error. 
" P value with a star sign representating significant differences between the sections at level of P = 0.05; 
(+) A larger mean in the first group of sections; (-) A larger mean in the second group of sections; 
(=) An even mean between both groups of sections; N/A = Not applicable. 
Table A.10: Continued 
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Comparison Parameter 
a ni 02 N N-a F Fo P 
Animal #923M8C04. D(l) 
Total Cable Area 
Purple vs Orange. Blue 2 2 3 1 1 161.40 197.11 0.0453(-)* 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.24 0.7119(.) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.46 0.6214(+) 
Rim Area 
Purple vs Orange. Blue 2 2 3 1 1 161.40 11.01 0.1864{-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.06 0.8530(+) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 1.13 0.4a03(+) 
Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 1.26 0.4634(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.04 0.8699(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 9.15 0.2033(-) 
Acellular Area of Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 2.16 0.3804(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.01 0.9529(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 4.29 0.2863(+) 
Blood Vessel Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.01 0.9551(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 2.19 0.3782(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 4.22 0.2885(-) 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 13.38 0.1699{-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.07 0.8365(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 1.02 0.4968(+) 
Cable Area to Lumen Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 210.91 0.0438(-)* 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.24 0.7104(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.45 0.6229(+) 
Acellular Area of Core to Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.71 0.5540(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.13 0.7794(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 31.25 0.1127(+) 
Cell Number in Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.01 0.9712(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 3.72 0.3045(+) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 2.45 0.3621(-) 
Cell Number in Rim 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.80 0.5353(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 22.81 0.1314(*) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.11 0.7981 (-) 
Total Blood Vessel Number 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.17 0.7510(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.59 0.5823{+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 56.33 0.0843(-) 
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Table A.10: Continued 
Comparison Parameter 
a n, 112 N F Fo P 
Animal #923M8C05. 0(1} 
Total Cable Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.77 0.5412(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.11 0.792U-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 25.08 0.1255{-t-) 
Rim Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.13 0.7784{.) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.71 0.5550{.) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 31.81 0.1117(+) 
Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 5.81 0.2503(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.02 0.9170(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 1.70 0.4163(+) 
Acellular Area of Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 5.40 0.2587(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 1.80 0.4080(+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.01 0.9253(-t-) 
Blood Vessel Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.33 0.6667(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.33 0.6667(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.16 0.7604(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 45.51 0.0937(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.63 0.5730(+) 
Cable Area to Lumen Area 
Purple vs Orange. Blue 2 2 3 1 1 161.40 0.77 0.5417(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.12 0.7916{-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 25.28 0.1250(+) 
Acellular Area of Cor« to Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.60 0.5816(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 55.37 0.0850(+) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 0.17 0.7517(-) 
Cell Number in Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.08 0.8249(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.95 0.5084(.) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 15.52 0.1583(+) 
Cell Number in Rim 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.01 0.9268(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 5.33 0.2601 (-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 1.81 0.4065(+) 
Total Blood Vessel Number 
Purple vs Orartge, Blue 2 2 3 1 1 161.40 0.33 0.6667(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.33 0.6667(.) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 9999.99 0.0001(+)* 
Table A.10: Continued 
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Comparison Parameter 
a n, tti N 8-1 N-a p Fo P 
Animal #923M8C06. M(l) 
Total Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 15.04 0.1607(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.06 0.8273(-) 
Blue vs Purple. Orange 2 1 2 3 1 1 161.40 0.96 0.5060(-) 
Rim Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 2.43 0.3631 (+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 3.75 0.3035(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.01 0.9702(+) 
Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.41 0.6382(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 500.03 0.0285(-t-)* 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.27 0.6951 (-) 
Acellular Area of Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 1.29 0.4595(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.04 0.8738(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 8.79 0.2071 (-) 
Blood Vessel Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 N/A N/A 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.71 0.S546(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 31.59 0.1121(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.13 0.7788{+) 
Cable Area to Lumen Area 
Purple vs Orange. Blue 2 1 2 3 1 1 161.40 15.09 0.1604{+) 
Orange vs Purple. Blue 2 1 2 3 1 1 161.40 0.08 0.8271(-) 
Blue vs Purple. Orange 2 1 2 3 1 1 161.40 0.96 0.5062(-) 
Acellular Area of Core to Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 N/A N/A 
Cell Number in Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 N/A N/A 
Cell Number in Rim 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.93 0.5122(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 16.33 0.1544(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.08 0.8211(+) 
Total Blood Vessel Number 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 N/A N/A 
Blue vs Purple. Orange 2 1 2 3 1 1 161.40 N/A N/A 
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Table A. 10: Continued 
Comparison Parameter 
a n, Dj N a-1 N-a p Fo P 
Animal #g23M8C09, P(l) 
Total Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 6.00 0.2467(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 1.66 0.4200(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.02 0.9134{+) 
Rim Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 0.95 0.5090(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 15.63 0.1577{+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.08 0.8244(-) 
Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 11.87 0.1799(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 1.09 0.4868(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.06 0.8465(+) 
Acellufar Area of Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 9999.99 0.0001(+)* 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.33 0.6667{-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Blood Vessel Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 4.72 0.2746(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 2.00 0.3920{+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.01 0.9413{+) 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 3.11 0.32a3(+) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.01 0.9949(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 2.89 0.3384{-) 
Cable Area to Lumen Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 5.95 0.2477(.) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 1.67 0.4190(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.02 0.9143(+) 
Acellular Area of Core to Core Area 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 9999.99 0.0001 (+)• 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.33 0.6667(-) 
Cell Number in Core 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 1.64 0.4222(-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 6.12 0.2445(+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.02 0.9112(-) 
Cell Numt)er in Rim 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 40.33 0.0994{-) 
Orange vs Purple, Blue 2 1 2 3 1 1 161.40 0.15 0.7661 {+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.65 0.5672(+) 
Total Blood Vessel Number 
Purple vs Orange, Blue 2 1 2 3 1 1 161.40 9999.99 O.OOOI(-)* 
Orange vs Purple, Blue 2 1 2 .3 1 1 161.40 0.33 0.6667{+) 
Blue vs Purple, Orange 2 1 2 3 1 1 161.40 0.33 0.6667(+) 
Table A.10: Continued 
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Comparison Parameter 
a HI Oj N N-a F FQ p 
Animal #923M8C10, M(l) 
Total Cable Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.69 0.5592(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.14 0.7741 (I-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 34.43 0.1075{-) 
Rim Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 452.86 0.0299(-)* 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.41 0.6368{*) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 0.27 0.6966(+) 
Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 2.12 0.3832(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.01 0.9501 (+) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 4.39 0.2835{-) 
Acellular Area of Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 4.81 0.2724(-»-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.01 0.9390(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 1.97 0.3943(-) 
Blood Vessel Area 
Purple vs Orange. Blue 2 2 3 1 1 161.40 N/A N/A 
Orange vs Purple, Blue 2 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 2 3 1 1 161.40 N/A N/A 
Rim Area to Cable Area 
Purple vs Orange, Blue 2 2 3 1 1 • 161.40 1.72 0.4147(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.02 0.9186(-) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 5.73 0.2520(+) 
Cable Area to Lumen Area 
Purple vs Orange. Slue 2 2 3 1 1 161.40 0.69 0.5590(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.14 0.7743(+) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 34.32 0.1076(-) 
Acellular Area of Core to Core Area 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.33 0.6667(+) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.33 0.6667(+) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 9999.99 0.0001 (.)• 
Cell Number in Core 
Purple vs Orange, Blue 2 2 3 1 1 161.40 2.08 0.3857(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.01 0.9476(.) 
Blue vs Purple. Orange 2 2 3 1 1 161.40 4.48 0.2809(+) 
Cell Number in Rim 
Purple vs Orange, Blue 2 2 3 1 1 161.40 0.51 0.604g(-) 
Orange vs Purple, Blue 2 2 3 1 1 161.40 0.21 0.7284(-) 
Blue vs Purple, Orange 2 2 3 1 1 161.40 105.61 0.06ie(+) 
Total Blood Vessel Number 
Purple vs Orange. Blue 2 2 3 1 1 161.40 N/A N/A 
Orange vs Purple. Blue 2 2 3 1 1 161.40 N/A N/A 
Blue vs Purple, Orange 2 2 3 1 1 161.40 N/A N/A 
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